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Abstract

The structure and evolution of the large scale photospheric and coronal
magnetic fields in the interval 1976 - 1983 have been studied using observa-
tions from the Stanford Solar Observatory and a potential field model. The
solar wind in the heliosphere is organized into large regions in which the
magnetic fleld has a componenet either toward or away from the sun. The
model predicts the location of the current sheet separating these regions.
Near solar minimum, in 1976, the current sheet lay within a few degrees of
the solar equator having two extensions north and south of the equator.
Soon after minimum the latitudinal extent began to increase. The sheet
reached to at least 50° from 1978 through 1983. The complex structure near
maximum occasionally included multiple current sheets. Large scale struc-

tures persist for up to two years during the entire interval.

To minimize the errors in determining the structure of the heliospheric
fleld particular attention has beefx paid to decreasing the distorting effects of
rapid field evolution, finding the optimum source surface radius, determining
the correction to the sun's polar field, and handling missing data. The
predicted structure agrees with direct interplanetary field measurements
taken near the ecliptic and with coronameter and interplanetary scintillation
measurements which infer the three dimensional interplanetary magnetic

structure.

During most of the solar cycle the heliospheric field cannot be ade-
quately described as a dipole.: For much of the cycle the quadrupole and
occasionally octupole moments of the field are more important, especially
for the structure in the ecliptic. The complex field configuration near max-
imum does not correspond to a dipole rotating from north to south as the
polar flelds change as has been previously suggested. The large latitudinal
extent of the current sheet over much of the cycle affects the propagation of
cosmic rays. The coronal field does not fully participate in differential rota-
tion, similar to coronal holes. Locations of coronal holes coincide with strong
field regions on the source surface. Correlations exist between coronal and

photospheric structures but work remains to be done in relating the coronal

features to photospheric and deeper lying structures.




Chapter 1 -- Introduction

The sun piques our interest and demands our attention. As an object it
inspires wonder as it rises and sets each day; as a star it provides the touch-
stone for stellar models; as our star it determines the physical environment
in which the Earth moves and gives us almost all of our energy, from heat
and light to weather, fossil fuels, and food;, and as a laboratory it provides
insight into physical phenomena not observable on Earth. For each of these

reasons the sun deserves our study.

As an astronomical object the sun is the only star which can be observed
in detail. Determinations of solar parameters calibrate our observations of
other stars. Surface features such as granulation and sunspots can only be
resolved on the sun. In situ measurements of the solar wind provide the only
direct samples of stellar material. Magnetic activity cycles, observed on the
sun for hundreds of years, have recently been discovered on other stars, sug-
gesting that the study of solar features may help in understanding other
stars. The study of other stars with a variety of masses, rotation rates, lumi-
nosities, etc. can in turn shed light on our understanding of the sun. For
example, the relationship of rotation rate and stellar activity cycles may

teach us about the solar dynamo.

The densities, temperatures, and size scales which characterize the sun
greatly exceed the conditions reproducible on Earth. The observations of
convection, turbulence, magnetic field organization, dynamo processes,
nuclear synthesis, etc. stimulate our understanding of not only the specific
solar phenomena, but the general theory of the underlying physical

processes as well.

The importance of the interaction of the sun with the terrestrial
environment emphasizes the significance of understanding the solar wind,
the solar magnetic field, solar activity, solar radiation, and their variations as
well as their influence on the Earth. The solar wind continuously interacts

with the Earth's magnetosphere. Variations in the wind's velocity and mag-

netic field cause such things as geomagnetic activity, aurorae, and a host of

- e e




other practical effects including the disruption of communications, interfer-
ence with radar, and induction of large currents in arctic pipelines and
powerlines. Even small long term changes in the total luminosity of the sun
would have grave consequences for the terrestrial climate. The correclation
of the Maunder minimum with the "Little Ice Age" in Europe and the
discovery of the 22-year drought cycle in tree ring data suggest that solar

activity may affect the climate.

Apart from the practical benefits of understanding our star. studying
the sun is intrinsically an interesting pursuit. The challenge of discovering
Sol's secrets through careful observations and thoughtful application of
mathematical models and physical laws provides a strong motivation 1tself
Many of the most fundamental observations of solar physics are not
thoroughly understood. The dearth of solar neutrinos calls inte question the
most basic stellar models. The cause of differential rotation and the origin of
the solar activity cycle are only incompletely modeled. Even the origins of
such basic solar features as sunspots, flares, coronal heating. and the inter-

planetary magnetic field (IMF) are not fully understood.

All this makes the field of solar physics very interesting. Measurements
of solar oscillations are just beginning to probe the solar interior. New infor-
mation about the depth of the convection zone and rotation with depth have
already been provided and more interesting results are sure to follow. Pro-
gress is being made on each of the problems mentioned above. This study
presents results which contribute to the understanding of the evolution of

the solar and heliospheric magnetic fields through the solar cycle.

Background

Unlike that of the Earth, the sun's magnetic field varies fairly regularly
with a 22 year period. Approximately each 11 years the senses of the solar
polar fields reverse. The current solar cycle began in 1976 at the most

recent minimum in solar activity. At activity minimum few, if any, sunspots

are observed. The rising phase of e h cycle lasts three or four years.




During this interval sunspots begin to appear in bands at mid latitudes in

each hemisphere. The level of activity rapidly increases and the activity
bands gradually progress toward the solar equator a. the cycle continues.
Simultaneously the polar fields weaken near maximum and finally reverse
some time after the maximum level of sunspot activity occurs. The latest
maximum occurred near the beginning of 1980 and the polar fields measured
at Stanford reversed about the same time. The declining phase of the cycle
lasts somewhat longer. The bands of activity continue to migrate toward the
equator as the strength and complexity of the photospheric fields gradually
decrease. The new polar fields quickly strengthen after reversing. We are

currently in the declining phase of Solar Cycle 21.

The photosphere is the source of the magnetic field in the corona. While
the surface plasma has an energy density comparable to that of the mag-
netic field, the rapid decrease in density in the lower corona creates a situa-
tion where the magnetic fleld dominates the structure of the coronal plasma
Photographs of prominences show structures over the limb of the sun which
demonstrate that the plasma conforms to the configuration of the magnetic
field in the low corona. Between the photosphere and about 2.5 solar radii
(2.5 R,) the fleld dominates the plasma. Above that height the energy den-
sity of the accelerating solar wind plasma again exceeds that of the field.
Because the plasma accelerates in the radial direction, the field, now frozen
into the plasma, also becomes radial and is carried out into the heliosphere

by the solar wind.
This divides the heliospheric field into two parts, that with field directed

toward the sun and that with field directed away from the sun. A current
sheel separates these regions in interplanetary space. At 1 AU the current
sheel is characterized by low solar wind speed, high density, and rapid
change in magnetic fleld direction. The passage of sector boundaries can

greatly affect the geomagnetic field.
Wilcox & Ness (1965) first described the organization of the IMF into

polarity sectors. They found that the IMF pointed either toward or away from
the sun along the Parker spiral angle, switching polarity every six to eight
days. This divided the interplantary medium during a solar rotation into four




sectors in the ecliptic plane. Years of subsequent observations have shown
that the IMF in the ecliptic plane near the Earth at 1 AU most commonly
exhibits four sectors and less frequently two sectors per rotation. FEarly
attempts to explain this organization by directly mapping the solar wind
back to the photospheric fleld were only successful when large areas of the
visible disk were averaged or near minimum when the surface field
configuration was extremely simple. Such metheds gave little insight into

the three dimensional structure of the IMF.

The three dimensional structure of the current sheet can be visualized
with the aid of Figure i-1. This highly 1dealized representation shows the
configuration of the current sheet out to approximately the distance of
Jupiter during an interval when four sectors would be observed in the ecliptic
plane. The origin of the field pattern lies near the sun where the neutral line
frequently resembles the seam on a baseball or tennis ball. This structure is
then carried out by the solar wind to form the surface shown in the figure.
Later observations have shown that the simpler structure near the sun is dis-
torted beyond 1 AU by the formation of shocks due to dynamic effects in the
solar wind. Nevertheless, this sketch gives a good qualitative picture of the

organization of the heliospheric field out to at least 1 AU.

Schatten (1969) and Altschuler & Newkick (1969) independantly
developed the potential field model to determine the configuration of the
coronal and heliospheric field from the photospheric observations. This
model assumes that the magnetic field near the sun can be described by a
scalar potential field, i.e. that no currents flow near the sun (at least not
enough to distort the field configuration). The field lines in eclipse photo-
graphs are observed to be almost completely radial above a few solar radii.
To reproduce this observed distortion of the field by the plasma, a hypotheti-
cal surface is introduced at a height of 1.5 to 3 solar radii at which all the

field lines are assumed to be radial. This can be accomplished by magnetic

Figure 1-1: Artist’'s impression of the heliospheric current sheet which separates re-
gions of magnetic field directed away from the sun and toward the sun in interplane-
tary space. [Artist: Werner Heil]
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field sources (currents) at or beyond the "source" surface.

Using measurements of the photospheric fleld and the radial boundary

- condition (i.e. equipotential) at the source surface, the field anywhere
between the photosphere and the source surface can be computed. Assum-

ing that the fleld configuration at the source surface is frozen into the

plasma at the source surface, the solar wind carries that structure radially

outward into the heliosphere. ‘Like the seams of the baseball described

above, the neutral line between inward and outward field at the source sur-

face determines the shape of the heliospheric current sheet.

The results of such calculations using the measurements from the Stan-

ford Solar Observatory from 1976 through 1983 are presented in this report.

Purpose

As the photospheric fleld evolves during the solar cycle, so must the
heliospheric field. This investigation seeks to determine the three dimen-
sional structure of the heliospheric current sheet as it evolves during the
solar cycle. This extends the analysis of the sector structure observed in the
ecliptic plane to all heliographic latitudes. Using these results several
interesting questions can be answered. ]

Does the structure of the IMF arise primarily in the photospheric field or
is it primarily due to the dynamic effects in the solar wind on a very simple

magnetic structure?

Just what is the structure of the current sheet during each phase of the

solar cycle? How long do structures last? How complex is the structure in

diflerent parts of the cycle?
How does the field evolve from one configuration to another? Particu-
larly interesting is the evolution of the polar field regions near maximum.
Can the heliospheric fleld be characterized as a tilted dipole as sug-
gested by Hundhausen (1977) and others?

Can the evolution of the field be characterized as a slowly rotating dipole




as suggested by Saito et al. (1978)? le. does a dipole aligned along the solar
rotation axis near solar minimum smoothly rotate to become an equatorial
dipole near maximum and a rotation aligned dipole again (pointing the oppo-

site direction) during the declining phase of the cycle?

How reliably can the IMF polarity at 1 AU be predicted using the poten-
tial fleld model through the cycle? Can other solar wind quantities, such as

the solar wind velocity, be determined?
How do the locations of coronal holes relate to the field configuration at
the source surface?

What is the relationship of the coronal and photospheric fields? Do both
rotate differentially? Do large structures on the source surface correspond
to large photospheric structures? Do interplanetary sectors arise in easily

recognizable photospheric locations?

Mathods

To answer these questions, the potential field model has been used to
calculate the configuration of the coronal field for the time period May 1976
through December 1983. Modifications have been made to the model to
account for the incorrectly measured polar field which changes during the
cycle, the zero offset error due to primarily to field evolution, and missing

data.

The results have been compared with other methods for determining the
location of the current sheet to determine the best source surface radius
and to confirm the validity of the treatment of the polar field correction, the
zero offset, and missing data. The measured IMF polarity provides the most
complete and reliable basis for comparison. Unfortunately the Earth and
most spacecraft sample only a limited range of latitudes within 7.3° of the
solar equator. To augment the IMF data, coronameter data, interplanetary
scintillation measurements, corenal hole locations, and cometary data have

been used to confirm the existence of structures at higher latitudes during

some parts of the solar cycle.




Finally, the magnitude of the multipole components of the field have
been determined throughout the cycle and analyzed to determine the rela-
tive importance of the dipole, quadrupole, and higher order components in

determining the heliospheric field structure.

Results

The structure of the heliospheric field evolves smoothly during the cycle
and large polarity regions have lifetimes as long as two years throughout the
cycle. Near solar minimurmn, in 1976, the current sheet stays within about
15° of the equator, resembling a dipole field. Even near minimum there were
four distinct warps of the current sheet, two north anad two south of the equa-
tor, during each rotation. These produce a four sector structure at Earth.
Soon after minimum the latitudinal extent of the current sheet began to
increase. From 1978 through at least 1983 the latitudinal extent of the sheet

was =>50°.

Near solar maximum the structure was more complex, though evolution-
ary changes from one rotation to the next were quite small. Multiple current
sheets were not uncommon during the period near maximum in 1979 - 1980.
The structures during the beginning of the declining phase were very stable
for long periods evolving slowly from a two sector structure during most of

1982 to a strong four sector structure during 1983.

During the entire interval the correlation of the observed IMF polarity
and that predicted by the model was quite good. This suggests that
throughout the cycle the photospheric field plays the dominant role in deter-
mining the large scale structure of the heliospheric field while the dynamics
in the solar wind affect the detailed structure, at least within the Earth's
orbit. Of course the field configuration and the solar wind conditions which
cause dynamic changes in the solar wind as it propagates are nol indepen-

dant.

The sfow evolution of the field cunfiguration applies to the polar regions

as well. The change in sign of the polar fields occurs as part of an ongoing,




ordered process. The analysis of the multipole components shows that it is
incorrect to talk about a rotating dipole field. The quadrupole and higher
order terms make a contribution to the total field comparable to that of the
dipole near maximum. Even considering the dipole component alone sug-
gests that the polar and equatorial dipoles are independant indicating that a

rotating dipole is not the correct description.

There are occasions when a dipole or tilted dipole adequately describe
the fleld, but these occasions occur during only a small fraction of the total
interval investigated in this study. This is especially true when considering
the field near the ecliptic. Even near minimum when the dipole component

was by far the largest one, the Earth observed a four sector structure.

There is a relation between the solar wind velocity and the magnetic
field strength at the source surface. During periods of high activity the rela-
tionship is difficult to discern. The clearest relationship holds for the corre-
lation of minimum solar wind velocity with sector boundaries (when the field
strength is a minimum). The relationship of high field and coronal holes {and
therefore high solar wind speed) is not as clear. The prediction of the solar
wind parameters other than polarity from calculations of the field

configuration requires more work.

Except for coronal holes the relationships between photospheric
features, the source surface field, and the IMF are difficult to determine.
Without tracing field lines from the source surface to the photosphere it is
impossible to find the source regions of the interplanetary field. Correlations
between interplanetary sectors and organization of the photospheric fields
- exist, but there is no one-to-one correspondence. The coronal field does not
even rotate at the same rate as the surface field as shown by the lack of
differential rotation at the source surface. This is a puzzle that remains to

be solved.

Many puzzles in fact remain to be solved, but their enumeration will be

postponed until the final chapter. Now let us proceed to detailed descrip-

tions of the data, the model, and the analysis.
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Chapter 2 -- Data Collection and Analysis

The Instrument

The Stanford Solar Observatory was buill in the early 1970's by John M.
Wilcox and Philip H. Scherrer with support from the Office of Naval Research,
the National Science Foundataion, and the Fleischmann Foundation. Origi-
nally designed to measure the mean magnetic field of the sun as a star, the
observatory was soon modified to make low resolution maps of the solar mag-
netic field and to observe low amplitude, large scale velocity fields on the
sun. Built on a beautiful site in the foothills above the Stanford University
campus, the observatory and adjoining observer’s quarters are shown in Fig-

ure 2-1.

A sketch of the telescope observing system is shown in Figure 2-2. The
telescope consists of a coelostat-second flat mirror system which directs the
sunlight into the aperture of the telescope. The coelostat is clock driven to
follow the daily motion of the sun across the sky. A servo guiding system
controls the second flat which actively corrects the pointing of the telescope.
Light from the second flat falls on two 2-inch diameter lenses. One lens

forms the guiding image and the other forms the observing image.

The observing beam passes through a KDP circular analyzer, through a
100A band pass filter, and into the spectrograph through the entrance slit.
At the bottom of the pit, 75 feet down, a littrow lens focuses the beam on the
grating which forms a spectrum and reflects the light back up the pit, out
through the exit slits, and to the phototubes whose output is analyzed and

recorded.

Figure 2-1: The Stanford Sclar Observatory.

Figure 2-2: A schematic diagram of the Stanford solar telescope. Note the separate
light path for the guiding image and the observing image. The spectrograph head is
at ground level with the Littrow lens and diffration grating at the bottom of a 23m pit.
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The guiding image falls on an array of 5 diodes which sense the center
and limb intensities. The diodes drive the servo guiding system by balancing
the light intensities at the limb. The array is mounted on a moveable s.age
which can be driven by two stepper motors. The computer controls the
stepper motors and can position the stage to within 0,001 inches correspond-

ing to about 1 arc second. The servo system tips the second flat to compen-

sate for apparent motion of the sun and for the movement of the scanning
table; this changes the position of both the observing and guiding images

simultaneously.

A PDP 11/10 computer controlled the operation of the telescope until
the fall of 1983 when a PDP 11/24 computer replaced it. With the exception
of the coarse positioning of the mirrors, changing lenses, and certain calibra-
tion adjustments, the computer executes the entire observing program:
everything from positioning the dome to finding the spectral lines and
recording the data. A more detailed description of the magnetogram pro-

cedure can be found in the following section.

The Babcock magnetograph operates by precisely measuring the light
intensities in the wings of a spectral line. By passing the entering beam
through a modulated circular analyzer and synchronously detecting the final
signals one can distinguish extremely small differences in the wavelengths of
split spectral line components having different circular polarizations. In the
case of velocily measurements polarizing filters placed in the solar image
allow comparison of the velocity from one part of the sun with another, pro-

viding a differential measurement with precision on the order of 10 cm/sec. 1

The Zeeman splitting in certain spectral lines caused by the sun's mag-
! netic fleld also has components with different polarizations. When viewed |
parallel to the magnetic field, the spectral line is split into two components 1
of opposite circular polarization. The magnitude and direction of the split-
ting is proportional to that of the magnetic field. When the magnetic field is

transverse to the line-of-sight the spectral line is split into three components

which are linearly polarized, the central component along the magnetic field
and the other two components perpendicular to it. Since the magnetograph

is sensitive only to circularly polarized light, only the line-of-sight component
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of the magnetic field can be measured. It can be measured to an accuracy of

about 0.05 Gauss.

The following paragraphs describe in more detail the function of each
element of the telescope and the way in which the signals are analyzed
When a large voltage is applied to the KDP crystal, it acts like a quarter wave
plate, advancing or retarding the phase of one linear component of the
incident beam relative to the other, depending on the ~.gn of the voltage.
This converts right circular polarization {RCP) into one linear polarization
and LCP into the other. When coupled to a linear polarizer, switching the vol-
tage polarity rapidly allows first one and then the other circular polarization
to pass through to the spectrograph. Linear polarizations pass through at

reduced intensilies which are independant of the voltage.

Since the grating operales in the fifth order green spectrum for
enhanced dispersion, a narrow band pass filter is needed to eliminated pho-
tons of wavelengths which would otherwise overlap from other orders in the
spectrum. The light then passes through the image slicer which spreads the
light over the 100mm by 0.B mm entrance slit and down into the 22.8 meter
spectrograph pit. The Littrow lens collimates the light for the 633 line/mm
grating and focuses the spectrum on the exit slit. The computer controls the

angle of the grating.

The dispersion of the spectrograph at the exit plane is approximately
183mm/A. The exit slit consists of two 75 mA prism assemblies separated by
18 mA. The spacing and width of the slits are such that the intensity in the
wings of the 5250\ line depends linearly on position. The average intensity
measured in the line wings drives a servo system which keeps the line cen-
tered. The exit slit can be positioned with an accuracy of 0.6 microns by
means of a long worm gear controlled and measured by the computer. Thus

the resolution of the slit position corresponds to about 0.046 mA Converting

to doppler velocity in the 5250A line this gives A—):‘—xc x2.63 m/sec (or, for

comparison, converting to magnetic field using the 5250A calibration
3.86x 107% A/gauss this corresponds to about 1.19 Gauss.) In this manner
the velocity can be measured while the magnetic field is measured as

described below.
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’ The magnetic line splitting can be more accurately measured by analyz-
I ing the line profiles of the two circularly polarized components The inten-
sity signals are detected synchronously with the KDP modulation by two
matched phototubes giving the signals in each wing of the line for each circu-
lar polarization; red wing RCP, %, blue wing RCP, B,; red wing LCP, K _; and
blue wing LCP, B_. The average intensity is (R,+K_-+B,+5_)/4. The servo

signal, (R,—B,)+ (K _—B_) depends on the average postion of the line and is ;

used to keep the line centered. The difference in the line positions is the 4

magnetic signal and is determined from (K,-B,)-(F_~B.) .

The precision of the magnetic field measurement determined in this way

is approximately 5 microtesla (0.002 mA) for a several second integration

Note that the equivalent line width is about 62 mA so the resolution is about
3x107% the line width. When the differential velocity measurements of solar
oscillations are made in the same manner, the precision is aboul 10 cm/sec
The accuracy of the simultaneous velocity measurement depends on the
integration time and on systematic errors. Since the noise is gaussian the

precision is greater than the 2.6 m/sec of a single 0.1 second measurement.

A detailed description of the observatory, the hardware, and how it
works can be found in Scherrer et al. (1977), Dittmer (1977), and Duvall
(1977).

High resolution measurements of the solar magnetic flelds and com-
parison of field strengths measured in spectral lines with different magnetic
sensitivities indicate that most, if not all, of the photospheric field is concen-
trated into sub-arcsecond bundles of 1 - 2 kilogauss fleld rather than a
large-scale weak magnetic field {Howard & Stenflo, 1972; Frazier & Stenflo,
1972, Harvey et al, 1972; Stenflo 1973). In a large aperture most of the area

will contribute nothing to the magnetic signal and there will be many bundies
of each polarity which will cancel. The remaining flux will essentially be aver-
aged over the entire aperture and produce the measured {raction of circular

polarization in Lhe line wings interpreted as the large-scale magnetic fleld.

Measurements in a single line cannot distinguish small scale strong fields

from large scale weak flelds.

The 5250\ line splitting due to kilogauss fields is of the order of the
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separation of the exit slits. A detailed analysis by Stenflo (1973) and by Sval-
gaard et al. (1978) showed that there would be saturation of the magnetic
field strength measured by the magnetograph and that for field element
strengths of order 1.5 kG the saturation would lead to a measured field of
0.83 kG, smaller by a factor of 1.8. Since this saturation applies to all fields,
since all fields occur in these high strength bundles, a correction factor of
1.8 must be made when comparing 5250\ magnetograph measurements with
those made in other ways. Comparing field measuremerts made in two spec-
tral lines with different magnetic sensitivities (Lande g-factors) would show
different saturations and allow determination of the field strength in the bun-
dles. Since such observations exist, this would be an interesting topic for

further study.

Even a small distance above the photosphere the field is no longer con-
centrated into small bundles of radial field. It has spread into a more uni-
form distribution. This is supported by the change in flelds strength across
the disk of various features measured using spectral lines which form at
different heights. As shown by Svalgaard et al. (197B), lines formed low in
the photosphere, like 5250\, show a cosine dependance in the line-of-sight
field strength with distance from the center of the disk. However, lines
formed higher in the photosphere, like 5233\, show a more complex struc-
ture (Howard & Stenflo, 1972). If this occurs because the field lines are no
longer radial but are rapidly diverging, the field probably does more closely

resemble a large scale weak field above the chromosphere.

Data collection

The global fields of the sun change slowly in time. In order to investigate
the long term changes in the global solar fleld a long series of comparable
measurements must be taken. Since the sun rotates at 13°/day measure-
ments must be taken almost daily to insure coverage of the entire surface.
Such synoptic observations began at the Stanford Solar Observatory in May
1976. Since that time magnetograms have been obtained each day, weather

and equipment permitting.
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Making a magnetogram consists of a set up procedure, calibration, three
measurement sequences, calibration, and shutdown. During the set up pro-
cedure the observer inserts the 'image’ lens which forms an image at the
entrance slit, and the '3 minute’ aperture which limits the light entering the
spectrograph to a region 175 arc seconds square. The computer then deter-
mines the position of the sun by locating the four limbs and measures the
scattered light off each limb. The observer enters the serial number, the
weather quality, and the sine of the p-angle (the angle between north on the
sun and north in the sky) and focuses the spectrograph by moving the Lit-

trow lens in the pit.

Several calibrations are performed to check the equipment and to
determine long term drifts. To check the pholotubes and electronics, the
observer balances the outputs of the phototubes in continuum light (which
exposes each tube to the same intensity) and sets the outputs to zero when
the tubes are darkened. The polarization modulation of the KDP analyzer is
checked by measuring the contrast ratio when only one polarization is
allowed to enter the crystal. Before and after the observations begin the
"magnetic” signal in the magnetically insensitive 5124\ line is measured for

three minutes to determine the drift in the magnetic signal.

The computer then finds the 5250A line by rotating the grating to a
predetermined angle and scanning the exit slits along the spectrum to
search for the appropriate pattern of lines. The grating settles non-linearly
for up to half an hour after moving it, producing a drift of about 0.1 mm in
slit position and, therefore, of several hundred meters per second in the
velocity signal. Fortunately the 5247\ line is sufficiently close to 5250\ that
the exit slit can move to 5247A without repositioning the grating. So, while
the grating settles, the magnetic fleld within 0.7 solar radii of the center is
measured in the auxiliary 5247A line. Since the magnetic measurements do
not depend on the absolute position of the line, the 5247\ field can be com-
pared to the 5250\ field giving information on the field strength of the mag-
nelic elements since the Lande g factor for 5250\ is 3 and for 5247A is 2.

Moving boustrophedonically, the scan begins in a random "corner” of the

disk and moves east-west on the sun. The scanning grid consists of {1 scans
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lines in the north-south direction on the sun and 21 east-west positions at the
equator for the full disk. Thus the image moves approximately 1/2 aperture
east-west between each measurement and scan lines are spaced one full
aperture north-south. At each position the computer records 12 parameters
identifying the data, and giving the line position, time, magnetic signal,
intensity, grid coordinates, scanning table coordinates, and integration time.
At each grid point the image comes to rest before the {usually) 15-second

integration begins.

Upon completing the auxiliary line scan, a five minute measurement of
the 5250\ quantities is taken at disk center before beginning the main scan.
The 5250A magnetogram proceeds in the same way as the previous scan, but
covers the entire disk, and takes about one hour. After the main scan, the
telescope measures the velocity and the magnetic fleld along the central
meridian from south to north to south. Finally, another 5-minute measure-
ment is made at the center of the disk to fix the velocity drift for the scan
and another 3 minute measurement of the magnetic zero error is made in
the 5124A line. The program also rechecks the scanning table position. The
observer then refocuses the Littrow lens and removes the 3' aperture. When
weather or time of day constrains the observing time, a time critical scan

can be made which eliminates the 5247X auxiliary scan.

Data reduction

Substantial data reduction must be accomplished before the data
recorded at the telescope is in a useful form. There are currently four levels
of magnetogram reduction and a log. Level 0 contains for each magneto-
gram the raw data with no corrections; it is essentially a copy of the raw tele-
scope data in a form compatible with tne dataset handling programs used in
the rest of the system. Level 1 holds the calibrated inagnetic, velocity, and
intensity data, and the position of each observed gridpoint with the drifts
removed and with the heliographic positions calculated. The data in these
two levels is stored in an individual file for each magnetogram. The Level 3

reduction interpolates the magnetic field data from Level ! for each
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magnetogram onto a Carrington coordinate grid. This data is then assem-
bled into the synoptic charts published in Solar-Geophysical Data and used in
the computation of the potential field model. These reductions will be

described in more detail below.

The velocity data, analyzed in terms of differential rotation parametcrs,
1s stored in Level 2 along with the average intensity and magnetic field data
for the central portion of the disk. The residual velocity determined by
removing the standard differential rotation computed in Level € is stored in
Level 4 both in the observed grid and in a Carrington grid. Information about
each magnetogram, such as the scattered light, drifts, coelostat position, sky
conditions, etc. are stored in the log. l.evel 0 and 1 reductions are also car-

ried out for the auxiliary line magnetograms and for the north-south scans

The Level 0 and 1 reductions have been described in some detail by
Duvall {1977) and Scherrer et al. {1980} To summarize, the Level 0 reduc-
tion creates for each magnetogram a file containing the time of observation,
grid position, scanning table location, magnetic signal, velocity signal, and
intensity for each point measured at the observatory. Furthermore general
information such as the observer, sky condition, etc. is stored in the log file
Essentially no processing of data is done so that there are no model depen-
dances and there are as few chances as possible for erro:s in the reduction;
the data is simply transferred from the telescope format to a standard for-

mat.

For each datapoint the Level 1 reduction program converts the meas-
urements to standard units, removes the eflects of the Earth's motion,
removes instrumental drifts, calculates the eflective position of the aper-
ture, and corrects for limb darkening. Calculation of the eflective position
depends on the precise time, aperture size, and a model of limb darkening
and is discussed fully in Scherrer et al. {1980). The eflective position accu-
rately reflects the intensity weighted average disk position of the aperture.
The position in arc seconds and radians from the center of the disk are

recorded.
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Figure 2-3 shows the lLevel 1 results for typical observation, Magneto-
gram 938 taken June 30, 1979. The upper disk is a contour map of the pho-
tospheric magnetic field. Solid lines represent positive fields and negative
fields are dashed; the first solid contour is the neutral line. It is easy to see
the large scale organization of the magnetic field a little before solar max-
imum. The polar fields cover only a small area and are weakening. The mid-
latitude fields are quite strong and show a variety of levels of activity. The
plot at the lower left shows the velocity. The equatorial velocity is just over
2000 m/sec. A close examination shows the eflect of differential rotation
(the contours become more widely spaced away from the equator) and a red
shift near the limbs. The intensity, shown at the lower right, has been
corrected for limb darkening and shows a uniform intensity over the center
of the disk. The lower intensity near the limbs is due to the aperture being
partly off the disk.

The observer inspects such a plot for each magnetogram. If anything
unusual appears in the data, the observer sets one or more of 14 trouble
flags characterizing the nature of the anomoly. The computer also sets trou-
ble bits if standard calibrations stray too far from the norm. Typical prob-
lems include clouds, loss of spectral line, and guiding errors. The intensity
meausurement is the most sensitive to clouds, the magnetic signal to loss of
spectral line, and the velocity to guiding errors and turbulence in the pit.
Each of the reduction levels above Level 1 tests the trouble bits to determine
whether the data from a given scan should to be used. Magnetic fleld data is
not used if the relevant trouble bits are set. The cbserver may also change
the assigned weather quality which affects the importance of the scanin con-

structing the synoptic chart as described below.

The third level of reduction determines from the time of observation and

Figure 2-3: A typical solar magnetogram observed June 30, 1979. The top figure
shows the line-of-sight magnetic field. Negative contours are dashed. The lower left
figure shows the doppler measurements of velocily; negative velocities (toward the
observer) are dashed). The observed intensity, corrected for limb darkening, is
shown at the lower right. Intensity contours occur when the aperture is off the limb
or because of clouds. The contours are at intervals of 0.1 relative intensity.




9

Fleure !

17:22 UT
0.%20, 50, 100.

STANFORD MAGNETOGRAM # 938 30 JUNE 1979

N

)

N O,%200...

V(m/s)




effective disk position computed in Level 1, the Carrington latitude and longi-

tude of each point. A quadratic fitting routine uses these data to interpolate
the fleld onto a regular Carrington grid. The grid is centered on the even 5°
longitude strip nearest central meridian and extends 55° east and west. In
the north-south direction the field is determined at 30 points evenly spaced
in sine latitude (this corresponds to even steps on the disk.) The maps are
stored in a list indexed by serial number and identified by the central meri-

dian longitude of the map.

To form the synoptic charts, data for each Carrington longitude and lati-
tude must be assembled from the various maps. Since the maps are 115°
wide and typically separated by a minimum of 13°, there are usually several
measurements for each point on the sun. The measurements for each longi-
tude are averaged with the relative weight of each measurement depending
on the scattered light, assigned sky quality, and central meridian distance

according to the following relation:

Weight = ((1 + CHdist )2 x (1 + scatlight ) x (1 +sky))™

where the central meridian distance is given in units of 5°, the scattered
light as a percent, and the sky on a scale from 0 to 5. Four to six measure-
ments typically contribute to a given point, but the measurements taken
near central meridian have by far the highest weight. To date, no projection
corrections have been made to the measurements for central meridian dis-

tance.

The synoptic chart shown in Figure 2-4 is a contour map of the magnetic
fleld over the entire surface of the sun. The data is shown in an equal area

projection {equal steps in sine latitude) for easy comparison with the

Figure 2-4: The observed line-of-sight magnetic field at the photosphere for Carring-
ton Rotation 1683. The upper curve shows the mean sclar magnetic field. The synop-
tic chart is plotted in sine latitude for easy comparison with Figure 2-3. Contours are
at 0, £100, 200, 500, ... uT. The dates correspond to central meridian passage. In-
verted carets show the dates of magnetograms contibuting to the chart.
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magnetograms. The size of the aperture limits the resolution near the poles,
so there is nothing plotted above 75°. The bottom axis shows the longitude
within Carrington Rotation 1683, while the top axis is labelled by date. The
mean magnetic field of the sun, also measured at Stanford, is displayed at

the top of the figure.

The small V' marks along the 75°N line show the times of magnetograms
which contribute to the synoptic chart. Data from Magnetogram 93B is cen-
tered near 210° longitude and contributes to the synoptic chart in the range
from 265° to 155°. Comparing Figure 2-3 with this region of the synoptic
chart, one can see that near 210° they are almost identical, while farther

from central meridian the differences are greater.

Coverage

In order to provide as complete a record as possible, magnetograms
should be taken each day that the weather is good enough. Because meas-
urements as far as 55° from central meridian can be used in making up the
synoptic chart, a gap of almost 110° can be tolerated without creating an
interval of missing data. Since the sun rotates at about 13° per day, this
corresponds to a maximum observing gap o! approximately B days. For-
tunately the weather at the observing site is such that during most years

there are typically only a few relatively small gaps in the synoptic charts.

The magnetic fields low in the photosphere where the 5250A line is
formed are almost radial {Svalgaard et al. 1978). Since the magnetograph
observes only the line-of-sight component of the magnetic field, fields meas-
ured away from the center of the solar disk will be diminished because of the
projection into the line-of-sight. This means that field measurements near
the limb will not be as accurate. The north-south projection is unavoidable
and the potential field model program compensates for it. However, the
measurements which comprise the synoptic chart are not corrected for the
various central meridian distances at which they are observed. This affects

the data most severely near gaps where the only available data is measured
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far from central meridian. At large distance from disk center errors due to

decreased resolution and field evolution are also important

For this reason the observing program at the Stanford Solar Observa-
tory places a high priority on obtaining daily magnetograms. Each day’'s
observations begin with one or two measurements of the mean magnetic field
of the sun which take approximately one hour. Under good weather condi-
tions, this is followed by a magnetogram which takes about 2.5 hours. If the
weather is questionable a time critical magnetogram which takes approxi-
mately 1.5 hours can be done. The observing program then continues with
doppler observations or more mean field measurements. Because of the
morning fog in the summer in the San Fransisco Bay area, there are typically
only a handful of intervals of about flve days duration during the summer
when consecutive sunrise to sunset doppler observations are possible. Dur-
ing these intervals the priority of magnetogram observations is lower, though

gaps of no more than five to six days between observations is allowed.

This is perhaps a good time to recognize and Lhank the observers who,
over the years, have done an excellent job of operating the observatory and
keeping it running. Through their eflorts we have been able to compile the
excellent string of data analyzed in this paper. The observers have been:
Eric Gustavson, 1978-77, Steve Bryan, 1977-78, Todd Hoeksema, 18978-78,
1981-83; Phil Duffy, 1979-80; John Foster, 1980-81; and Harald Henning, 1983-
84.

In the 2740 days from May 16, 1976 to November 15, 1983, there have
been 2049 magnetograms of which 1808 on 1727 days have been used in con-

structing the synoptic charts. There are magnetograms on 837% of the days.

Figure 2-5 shows the synoptic chart data coverage since May of 1976
when the first magnetogram was taken at the Stanford Solar Observatory.
Each line represents one Carrington Rotation. Gaps in the bars represent

gaps in the data. Most of the gaps occur during the winter months. The good

Figure 2-5: Each line represents the data coverage for one Carrington Rotation. A
solid line is plotted wherever synoptic chart data is available. Gaps occur when there
was missing data because of weather or equipment problems.
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coverage in the first two years reflects the drought conditions experienced

during 1978 and 1977 The number of gaps in the last two years are indica-
tive of the wet winters experienced in nortuern California which were attri-

buted to El Nino. Very few gaps are due to equipment or procedural failures.

One of the steps in the potential field model requires decomposing the
surface fields into its multipole compeonents using the orthogonality of the
Legendre polynomials. The coeflicients can be determined accurately only
when the field is known over the entire surface of the sun. Most data gaps
are too wide to allow a simple interpolation to fill in the data gaps in such a
way as to provide a reasonable approximation to the actual fleld values.
Since most changes in the photospheric fields from one rotation to the next
are relatively minor, missing data has been replaced by the average of the
fleld measured one rotation earlier and one rotation later at the same Car-
rington latitude and longitude. This has the advantage of retaining the same

general characteristics as the actual field.

Of course no method accurately reconstructs the actual data. This
method is susceptible to errors due to evolution of the magnetic structures
and te differential rotation. The muitipole components most seriously
affected by missing data will be those with the same spatial structure as the
data gap. As will be discussed in more detail in following chapters, the com-
ponents with the largest spatial scales have the greatest influence on the
computed structure of the heliospheric field structure. Since the photos-
pheric magnetic features of corresponding size evolve relatively slowly, the

above method of filling in the gaps will provide for an accurate determination

of the lower order multipole coefficients.




Chapter 3 -- The Potential Field Model

The fleld structure at the photosphere varies greatly through the solar
cycle both in complexity and strength (Howard & Labonte, 1981). The inter-
planetary field, on the other hand, shows much smaller changes in field
strength (Slavin & Smith, 1983) and the structure in the ecliptic remains
rather simple throughout the cycle (Svalgaard & Wilcox, 1975). Near
minimum the photospheric fleld has few active regions and the northern and
southern hemispheres have large scale weak magnetic flelds of opposite
polarity. The polarity of the interplanetary field seen at Earth is typically

divided into four or two sectors per solar rotation.

During the rising phase of the cycle the photosphere becomes more and
more active with sunspot groups developing at relatively high latitudes, near
40°, just after minimum. Active regions occur closer to the equator as the
cycle progresses. The total photospheric flux increases by a factor of three
trom minimum to maximum {Howard & Labonte, 1981). Near Earth the field
in the solar wind shows much smaller variation in strength, less than 20%
during the last solar cycle and no more than 40% during the current cycle
(Slavin & Smith, 1983). The polarity structure at Earth continues to show
simple two or four sector patterns through maximum and the declining
phase of the cycle. During the previous declining phase in the early 1970's,
the photosphere was divided into a few large unipolar field regions which
developed into low latitude coronal holes and sometimes connected to the
polar coronal holes. These immense regions dominated the structure of the

solar wind during the Skylab period in 1973 and 1974 (Hundhausen, 1977.)

Clearly the lower corona acts much like a coarse filter within which most

of the field lines close and through which only the largest scale magnetic

Figure 3-1: The total solar eclipse of 31 July, 1881 phu.ographed at Tarma, Siberia.
The instrument developed by G. Newkirk, Jr. photographs the corona in red light
through a radially graded filter that supresses the bright inner corona to show the
much fainter streamers of the outer corona in the same photographk. (Ccurtesy: High
Altitude Observatory).
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structures pass. This chapter describes the potential field model with which
the magnetic structure above the photosphere can be calculated using the
measurements of the surface field and some simple assumptions about the

field in the lower corona.

Pho' ~eraphs of the corona taken during eclipses, such as Fipgure 3-7,
& &

show the .nsity of coronal material. These structures trace out the pattern

of the magnetic field. Closed field regions and regions of low field strength or
field reversal have the highest density. This phctograph was taken with a ;
filter having a large radial density gradient. Taken after maximum at the :
eclipse in Russia on July 3, 1882, the polar field strength is growing and ]
there is little structure right over the poles. Many structures extend to .
fairly high latitudes including several helmetl streamers over large closed
field regions. Near the sun the structures seem to be confined by the mag- .
netic field, but at higher altitudes the structures become primarily radial

Near minimum most of the coronal structure occurs nearer the equator and '
the low density polar caps are much Larger. Through the entire cycle most '

of the structure is largely radial above a couple of solar radii

Schatten et al. (1969) and Altschuler & Newkirk {1969) independantly
introduced the concept of a potential field model with a spherical source sur-
face surrounding and concentric with the Sun. Schatten et al {1969) com-

pared the energy densities of the total magnetic field and the transverse

v
magnetic field, the thermal energy of the plasma, and the flow energy of the ‘
plasma near the sun. They found that below about 2 solar radii, 2 K,, the ; 4
transverse magnetic energy dominates both the thermal and bulk flow l

1

energy of the plasma. At 2 K, the thermal energy is comparable to the
transverse magnetic energy, but the total magnetic energy is larger still.
Beyond that point the relative energy in the plasma grows untii at 20 &, the
flow energy of the plasma dominates completely. This suggests that below g
about 2 £, the magnetic field can be successfully approximated by a poten-

tial field, since it dominates the motion of the plasma

Figure 3-2 shows a diagram of the fields near the sun from Schatten
(1971a). Most of the field lines above active regions close. Above large unipo-

lar regions the fleld tends to diverge and becomes open to the heliosphere.
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Between opposite polarity regions a neutral line develops. The energy den-
sity of the plasma in the low corona is very low compared with the transverse
magnetic field energy density, therefore the magnetic field will determine
the motion of the plasma and therefore the structure of the corona. Above a
certain height coronal structures seem to proceced radially from the sun 1f
the plasma accelerates throughout the low corona and the field strength gra-
dually declines with height above the photosphere, at some point the plasma
energy density begins to dominate. At this radius the field lines will be

stretched by the plasma radially outward.

For convenience we choose a sphere of radius R, at which the field
becomes purely radial. This surface is called the source surface. Assuming
that the currents carried by the plasma are relatively small in the region
between the source surface and the photosphere, the fileld can be described
purely in terms of a scalar potential. Using the boundary conditions of radial
field at the source surface and the measured photospheric fleld the magnetic
field in the region can be calculated. The mathematical details of the solu-

tion will be developed later in this chapter.

The structures in Figure 3-2 which are like those computed with the
potential field model clearly resemble those shown in Figure 3-1 from an
eclipse. Many authors have compared the results of the model to individual
eclipse photographs, e.g. Schatten (1968 a, b, 1969), Stelzried et al., (1970),
Smith & Schatten (1970) and found that there is generally a fairly good
agreement between structures predicted by the model and the structures

observed in the corona, though certain systematic discrepancies do exist.

Several criteria were used to set the radius of the source surface.
Schatten (1969) used the field strength at the source surface extrapolated to
1 AU, the average size of magnetic polarity sectors predicted by the model,

observations of the highest closed magnetic structures seen in eclipse

Figure 3-2: Schematic representation of the potential field model. Photospheric
flelds are measured at the Stanford Solar Observatory. Beneath the source surface
the fleld is calculated using a potential field model. The radial field at the source sur-
face is carried outward by the solar wind where it can be measured by spacecraft.
(Schatten, 1971a).
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photographs, and the magnitude of the variation in the radial magnetic field
magnitude to place the source surface at 1.6 £,. Altschuler & Newkirk
(1969) considered the shape of the computed structures over active regions
compared with eclipse photographs to place the source surface radius at 2.5
R,.

In 1973 Newkirk et al. published their first microfilm atlas of the coronal
magnetic fleld and the spherical harmonic coeflicients computed with the Mt.
Wilson data which eventually spanned the interval 1959 - 1974. In their
report the fields were computed each hall Carrington Rotation and the har-
monic expansion extended to order nine. Recently Marubashi & Watanabe
(1983) have republished this data in a technical report including the source
surface magnetic fields, the footpoints of open field lines, and a map of the
field line divergence for each half rotation for the interval 1959 - 1974.
Inspection of those maps often reveals large changes in zero level, total flux,
and general conflguration of the field from one half rotation to the next. The
results presented in the later chapters of this report show only small
changes from rotation to rotalion in any of the above quantities and many of

the corrections described below were not made in those calculations.

Adams & Pneuman (1976) used Mt. Wilson data and a different
mathematical method from Altschuler et al. (1977) who used Kitt Peak data,
but both extended the potential field computation to very high spatial resolu-
tion. At the height of the source surface these methods showed little
difference from earlier, coarser computations. At lower altitudes the use of
higher resolution magnetograph data to include more of the flux and the
increased resolution of the computations themselves gave a much better
agreement with the observed extent of the sources of open field regions.
This also made it easier to study the detailed field in small regions of the sun.
Because of the resolution of the Stanford magnetograph and the focus of our
interest on the large scale field at and beyond the source surface, we have
not increased the resolution of these calculations past order nine. Svalgaard
& Wilcox (1978) and Riesebieter & Neubauer (1979) developed the method
used in this study to determine the field in terms of the harmonic
coefficients of the associated Legendre polynomials. This document contains

the first detailed description of the Stanford work in this area.

38

T ———




Assumptions, Advantages, and Disadvantages

As suggested by the foregoing discussion, the potential field model has
both advantages and disadvantages. The advantages are that it i1s simple to
understand, it is simple and practical to compute, and it is apparently quite
successful. Its disadvantages are that it is insensitive to rapid evolution, it
assumes a potential fleld near the sun, it coarsely approximates the eflects
of the plasma on the fleld, it uses a spherical source surface, and it accounts
for no changes outside the source surface. Several modifications of the
model have been made to improve the accuracy and to minimize these disad-
vantages while retaining the advantages. In this section the model assump-
tions will be critically examined. The advantages, disadvantages and possible
improvements of the model will be discussed with respect to the problems |
wish to address in this document, viz., the large scale heliospheric field and

its evolution over the solar cycle.

The primary assumptions of the model are that 1) the field can be
approximated by a potential field, 2) the field at the photosphere is known,
and 3) an equipotential source surface exists at some location and has a
spherical shape. This last condition implies that at the source surface all

field lines are open and extend radially out into the heliosphere.

Whether the fleld can be adequately approximated by a potential field
has been investigated by several authors. Levine & Altschuler (1974) com-
puted the field configuration using the potential field approximation and then
included a) curl free electric currents and b) force-free currents. They
found that unless the currents contributed a large fraction of the total field
in the corona, the field configuration did not change. This means that the
potential field approximation works on the large scale whether there are
currents or not. This also means that the success of the potential field

model says little about the presence of currents in the corona.

Poletto et al. (1975) studied the smaller scale of active regions. They
found that the potential field calculated from magnetograms was consistent
with the fleld orientations observed with images of X-ray active regions. It

seems that this approximation succeeds even when large currents would not
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be unexpected.

The method of determining the photospheric field was discussed in
Chapter 2. There are many uncertainties in the measurement of the field by
magnetographs and its interpretation. Major uncertainties arise because of
the measurement of only the line-of-sight component of the magnetic field,
projection effects, magnetograph saturation because of the concentration of
the fleld into 2 kG bundles in the photosphere, correlation of magnetic field
and brightness variations, and line weakening in field regions. Several stu-
dies (Stenflo, 1971; Howard 1977; Suess et al. 1977, Pneumann et al. 1978,
Svalgaard et al. 1978) indicate that the polar fields are much stronger than
that measured by the magnetographs. Other uncertainties arise because of
the evolution of the field during the time of observation of the whole solar
surface and the mapping of the field onto a coordinate system which does not

differentially rotate. Missing data further complicates the situation.

In evaluating the dependance of the potential field model on these
uncertainties, it is found that most of the effects can be understood or com-
pensated for. By using central meridian measurements the effects of projec-
tion in the east-west direction are minimized. Line-of-sight projection in the
north-south direction is explicitly assumed in the model calculations. Inves-
tigation of the variation of the fleld strength across the solar disk shows that
the field is radial in the level of the photosphere where the 5250\ measure-
ments are taken. Large strong field regions are often dark, thus the flux
from such regions will be underestimated. Magnetograph saturation and line
weakening affect all of the field measurements in the same way when the
fleld is concentrated into high strength bundles, requiring an increase of all
the fleild measurements by a factor of 1.8. This changes the overall level of

field strength, but not the configuration.

The additional polar fleld can be added to the data when the potential
field calculation takes place. The procedure for determining this is outlined
in Chapter 4. The effects of evolution and differential rotation can be minim-
ized by using the results of the potential field model only near the center of a
data window, in this way all the nearby measurements were recorded at

about the same time. This minimizes the effects of differential rotation

i
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mapping as well. Clearly missing data cannot be replaced, bul by carefully
filling in with other related data the effects of missing data can be minim-

ized. These corrections are described later in this chapter.

e Transient events may rearrange the coronal flelds but most have only a

temporary effect on the large scale field. It must be realized that these

measurements do not provide a complete description of the heliospheric ' :
magnetic fleld, but only the background onto which perturbations due to |
active events are superimposed. Our level of confldence in the photospheric i
data is quite high. Furthermore any other method which relies on the same

or similar data shares the same sorts of problems.

The postulation of a simple source surface is probably the weakest
assumption in the model. If there is a potential field, there must be a sur-
face of constant potential, but that surface is probably quite complex. At the
source surface it is assumed that the field becomes radial because the
plasma begins to influence the shape of the magnetic field and draw it in the
radial direction. Clearly this viclates the assumption of a purely potential

field configuration since the distortion must begin below the source surface.

A second problem arises in the location of the source surface at a con-
stant radius over the surface and in time. A spherical source surface is
clearly a simplifying assumption for convenience of computation. Since the

field strength and solar wind speed vary with location and time, the source

surface can not be a simple sphere. This simplification contributes to two #
consistent failings of the potential field model: 1) the magnetic field magni- >
tude predicted at 1 AU is smaller by about a factor of five than the measured ‘

field, even after correcting for magnetograph saturation; and 2) often struc- 11

tures beyond the source surface radius are observed to have a non-radial

- component.

- A third deficiency occurs because the model does not address what hap-
pens above ihe source surface. The simplest assumption is that no more evo-
lution takes place and that the magnetic field at the source surface is simply
convected radially outward into the heliosphere by the solar wind with few
changes in structure and configuration. Eclipse photographs and spacecraft ,

coronagraphs show that while this is a reasonable generalization, there are ‘
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many cases where it is not true. During most of the solar cycle the struc-
tures over the polar corcnal holes bend toward the equator. Many eclipse

photographs show non-radial streamers to at least 10 /&, .

These problems have been addressed in part by Schulz et al. {1978) and

Levine et al. (1982) who introduced a non-spherical source surface into the

computation. Instead they used a surface of constant magnetic field

strength to which the magnetic field must be perpendicular. Their results

showed that the detailed agreement with the location of open field regions, ;
such as coronal holes improved. They also found that the magnitude of the
field at 1 AU is larger, and that non-radial structures appeared in the

appropriate places. Comparison with MHD calculations for simple field

configurations (Pneuman & Kopp, 1971) also improved. While prediction of
the detailed structure of the corona improved, the large scale structure did !
not change greatly. In a later study of the photospheric sources of open
magnetic field regions, Levine (1982) used a spherical source surface to .
investigate the sources of open field regions even after having developed the
non-spherical source surface. For some investigations the non-spherical
source surface is clearly necessary and desirable, but for studying the large
scale field and the current sheet in the interplanetary medium a spherical

source surface seems sufficient.

The minimum magnitude of the field on the source surface occurs at the v
current sheet and increases smoothly away from the sheet to some max-
imum. At Earth the interplanetary field shows a maximum field strength 7
near the sector boundary and a minimum in fielc strength near the center of \;
large sectors. During most of the sector the field strength remains relatively

constant.

These facts suggest that substantial changes occur in the fleld

configuration outside the source surface and that all the field lines are not
radial at a spherical source surface. Suess et al. (1977) simulated the north
polar coronal hole of the 1973 Skylab era as studied by Munro & Jackson
(1977). They found that at the base of the coronal hole at, 2 R,, a substantial ‘
gradient in the magnetic field would exist, but that by 5 R, the fleld strength '

would be uniform across the hole. Their results suggest that while the field
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configuration does not change, the distribution of the field lines within a

given polarity region may change substantially.

Relatively early Schatten (1971b) extended the model by considering
the effects of current sheets above the source surface to include the effects
of transverse pressure stresses. This provided for non-radial structures and
for evolution of the field above the source surface. Agreement with the
coronal structures observed during eclipses improved. For a simple dipole
field configuration this also gave better agreement with an MHD calculation

of the field (Pneuman & Kopp, 1971) than the potential field model alone.

Clearly for predicting the magnetic field strength at 1 AU or anywhere
else the evolution of the field above the source surface must be considered.
It would be interesting to investigate the field structure by modifying the
method using the procedure of Schatten (1971b) or the non-s‘pherical source
surface (Schulz et al. 1978). Computing the full MHD solution would be even
more desirable, but each of these improvements substantially increases the
computation time, particularly the MHD calculations for realistic field
configurations {if in fact it can be done at all). Since this study concerns the
large scale configuration of the field which improves only slightly using these
considerations, the simplest assumption of radial propagation of the source
surface field will be used to compare with polarity measurements made at
the Earth.

To summarize, some of the disadvantages of the model are clear. Rapid
evolution of the field is not handled well by the model because the observa-
tions are taken for a given solar location are dispersed in time over nearly a
month. Furthermore the resolution of the Stanford magnetograph is rather
coarse and does not include all the fine scale field. Of course for calculation
of the large-scale organization of the structure this is not important, but in
studying the photospheric origin of open field regions and the field very near
the photosphere, data with a higher resolution should be used.

The model as used does not accurately predict the strength of the radial
magnetic field at 1 AU. Nor does it accurately predict the form of the varia-
tion of the field strength during magnetic sectors. As discussed above, the

problem of the form of the variation of the field magnitude probably occurs
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because changes in the field above the source surface have not been con-
sidered. The problem with the field magnitude may be improved by changing

the shape of the source surface, but in general remains an unsolved problem.

The problems of the potential fleld assumption and the spherical source
surface were discussed above. Each of these disadvantages is important and
much can be learned from attempting to minimize the problems by modify-
ing the assumptions and improving the calculations. However each of these
problems affects the details of the field strength and makes small changes in
the fleld configuration. In looking at the "big picture” of the general field
configuration and its evolution over the solar cycle these problems are not
critically important. For detailed calculations and predictions for the
environment of the Earth improvernents should be implemented, but to see
the basic structure of the heliospheric field the simple method is well suited.
It is likely that during periods of high activity when the model is most uncer-
tain in predicting this background structure, the interplanetary medium is
greatly aflected by the occurence of transient events such as flares and
erupting filaments. Nevertheless, the IMF polarity predictions of the model
seem to be just as good near maximum as near minimum so a great deal can

be learned throughout the cycle.

The advantages of using this model are also clear. The mathematics are
relatively simple and the assumptions are straightforward. The computa-
tional procedure is quite simple and will be outlined in the remainder of this
chapter. The time required to compute the model is very small. Another
advantage of the model is that it seems to work quite well. Comparisons of
the results of the mode! with other observed data show remarkably good
agreement considering the crude assumptions and simplicity of the method.
These comparisons will be discussed in the following chapter. Using this
method the structure of the heliospheric magnetic field can be determined
at all heliographic latitudes independant of spacecraft measurements with
little missing data. The evolution of large scale structures near the sun can
be traced out into the heliosphere. We can also follow the evolution of these
structures through the solar cycle and come to a better understanding of
the general magnetic field of the sun. Discussion of these results will occupy

the following chapters.
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Mathematical Development of the Potential Field Hodel

We now turn to a more detailed description of the method of calculating 4
the fleld using the potential approximation. As described in the preceding
sections, the configuration of the large scale heliospheric magnetic field can
be determined if the line-of-sight photospheric magnetic field is known and if
it is assumed that 1) there are no currents in the region between the Sun's
surface and a larger concentric sphere called the source surface and 2) that

at the source surface the magnetic field is purely radial. ]

Under these assumptions B=-~VV¥ where ¥ is the scalar potential

between the photosphere and the source surface. The potential satisfies
LaPlace's equation, V2¥ =0. Solutions of LaPlace's equation in spherical

coordinates can be expressed in terms of the spherical harmonic functions.

The total potential arises from sources inside the inner sphere, ¥;, and

from sources outside the source source surface, ¥,p.
Y=Y+ ¥p
- ]
Y= r ¢ Y Yim(8.0)4,
=0 m=-}

o i
Yo=3 7 Y Yin(B9)4q,

150  m=-1
.F Scaling r in terms of K,, the radius of the sun, for ¥; and in terms of &,, the
radius of the source surface, for Yo and writing

. Yim (8.¢) =P (cos ) a;,, cosmep+b,, sinmp] it is found that

R 1+1 R i
¥=R, E:n PMcos®) gim cosmyg [r—"] + R—:-{Er.—] Cim -
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Assuming that at the source surface B is radial, then B,~-:—Z-'=‘O and

By~ %%:. 0; hence ¥ is constant on the surface r=F,. Setting ¥z =0 we find

R 1+2
Cim = du" = -[[; =q.
2

Since V¥ = B we can write: (Equation 3-1) ]

i+2 -1
R
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and (Equation 3-2)
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1 and (Equation 3-3)

i
B,=- 7oind a? m [—] +cy [‘] ‘m - P™(cosB) (gim sinm ¢ — Ry, cosmgp). |

The Stanford Solar Observatory measures the line-of-sight component of
the photospheric field, B, (R,.B,¢) = B, sin¥ + Bycosy for flelds near cen- . .
tral meridian. Defining :
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and doing some algebra with the above expressions for B, and B4, we can
write

By sin® = Y Fin (9) [w PM*(cos®¥) — u; cos? 9 P*(cos¥) — v; cos sind Fa{,—P,"‘(cos 9)].
im

Using the recursion relations
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and defining @™ = [lz - m.2] . we can express the line-of-sight field as:
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These sums can be reorganized by defining B™ such that
By, sin® = ), B™ where
m

B™ = i Fim (%) [“zmplm(COSﬂ) + 8 Plz(cos®d) + v Py (0031’)]
t=m

=¥ Fiml¢) a"PMcosd) + 3 Fioem ($)87P(c0s9)

i=m I=am+

45




+ ¥ Fiam(p)y"Pl(cosv)

=m -2

where
Q) (@R, RP
e s Y 211
m m
op = T note B = Bftr = O

an, o, (R, 124
w = %ﬁ—[; note Y., = ym-2 =0
f 4

Taking advantage of cases where 8 and 7y are 0 we can write:
B™ = Y, P{"(cosﬂ)[a{" Fim(¢) + B Fiam(p) + Fl+2.m(¢)} (3-4)
i=m

We can also independantly write an expression for the photospheric field
in terms of the Legendre polynomials without referring to the potential solu-

tion developed above:

By, sin® = Y P™(cos®) (@, cosm ¢ + by, sinm )
im

where the associated Legendre Polynomials are a complete, orthogonal basis

set,
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where the integrals over the sphere have been converted to sums over the N

x M map grid which can be implemented on the computer.

These coeflicients, a,, and b,, can be determined from the measured
line-of-sight fleld. Equating the above expression with the earlier expression
for the field in terms of the Legendre polynomials in Equation 3-4 a system of

equations is found:

- m
Am = 9"+ PG + Y92

bim = al" W™ + BIR + YR

which can easily be solved for g/™ and h/™®. If the series is truncated at a max-

imum index, T, then

where

An 0 Tm

m
,2 Cm sy ,9‘ .
Bmiz 0 Gmaz |

This matrix can easily be inverted and solved for §™ and A™. Now having the

gim and h,,, coeflicients, the magnetic field can be calculated at any point in
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the region between the photosphere and the source surface using Equations
3-1, 2, 3. The details of the implementation of this procedure on the com-

puter can be found in Appendix .

Merging of Compulations

Our method of computing the potential field requires that the solution
be determined over the whole surface of the sun whenever the fields are cal-
culated. Since less than half of the solar surface can be observed at any
given time, the observations which determine the inner boundary conditions
must be taken over an extended period of time. The photospheric fields used
are taken from the synoptic charts constructed from the daily magneto-
grams taken at Stanford as described in Chapter 2. For a given 360° of Car-
rington longitude the observations are obtained over a period of ~27 days.
Thus "rapid” evolution of the larger scale features of the solar magnetic field
is not handled well by this model since the model must assume that the
observed boundary conditions are those which apply over the whole surface

of the globe at the time of calculation

It is important to realize that Carrington coordinates refer both to time
and to position on the sun. The Carrington coordinate system is a fixed, rigid
grid which rotates with a mean synodic period of 27.2753 days. The Carring-
ton time is determined from the longitude of the point at central meridian
and the number of times that location has crossed central meridian since
Lord Carrington first started counting solar rotations on November 9, 1853.
During each rotation the longitude at central meridian decreases from 360°
to 0°. Thus Carrington Rotation 1642 : 5° and 1642 : 355° are separated in
time by about 26 days, though they refer to physical locations on the sun
separated by only 10°.

In addition to the time evolution of the magnetic field, a further compli-
cation arises because of the differential rotation of the sun. The equatorial

regions have a synodic rotation period close to 27 days while the polar

regions rotate only every 32 days. Because the Carrington grid does not




rotate differentially, the data from "~ 80 Carrington degrees will not include
data from the entire solar surface; at higher latitudes every longitude will
not pass central meridian during the 27.28 day Carrington interval. For-
tunately this effect is greatest far from the equator where the structure is
usually simple. However, this may account for part of the zero offset or

"monopole” component of the magnetic field discussed briefly below.

In most previous work the magnetic field on the source surface was com-
puted only once or twice lor each Carrington Rotation, 1.e. at intervals of
180° or 380° in longitude. This forces the beginning {near 3680°) and the end
( near 0°) of the Carrington Rotation to have the same structure, even
though they are separated in time by 27 days. To avoid this difficulty we
have computed the field on the source surface many times for each rotation,
beginning successive calculations at 10° intervals. From each such calcula-
tion only the central 30° were retained. This means that for each strip in
longitude there were three determinations of the fleld, as is shown in Figure
3-3 below. We combined the results from each of the calculations for a given
longitude by weighting the three values in the ratio 1:2:1. In this way the
field was determined from the observations which most nearly corresponded

to the actual fleld configuration for that time and place.

For example, in calculating the source surface field for Carrington Rota-
tion 1642 we placed a window on the data in the interval from 355 to 0° {ong-
itude. The observations of the photospheric fields at 355° were taken on May
27, 1976, while the observations at to 0° were taken on June 23, some 27 days
later. On the sun's surface Lhese points are physically adjacent. The fields
must be continuous on the sun's surface at a given time, but the photos-
pheric fields observed 27 days apartl are not constrained in this way since the
fields may evolve in the intervening month. The photospheric data near the
edges of the window, i.e. 355° and 0°, were observed nearly 27 days apart and
any secular field evolution would be more likely to affect the results there.
However, near the center of the data window the nearby longitudes would
have been observed at times as close to that of the longitude under con-

sideration as possible. Retaining only the central 30° of each calculation

minimizes the affect of this problem
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Figure 3-3: The global (360°) solution of the potential field (PF) model is computed
once for each step of 10° in Carrington longitude. From each PF calculation the
results for the central 30° are retained. Values are labelled by Longitude -- Computa-
tion Number. Rows represent the 30° retained from each of flve successive PF calcu-
lations. After the first 2 PF calculations there are three determinations of the source
surface field strength at each longitude (column). The data nearest central meridian
(starred) receives double weight when combining the three values. The data resolu-
tion is 5°.

The next calculation would run from 1642:345 to 1843:350 and we would
again retain only the central 30°. The third calculation would run from
1642:335 to 1643:340. At this point there would be three determinations for
the field at longitude 170; in the first calculation 170° was 7.5° from the
center of the window; in the second 2.5%, and in the third 12.5°. A weighted
average would then be computed with the weight of the determination
nearest the center of the data window given twice the weight of the other

two.

Correction to the Data

The Sun's polar field strength is very important for the potential fieid
model results {Pneuman et al.,, 1978, Burlaga et al. 1981, Hoeksema et al.
1982, and Levine et al., 1982). The Stanford magnetograph is a low resolution
instrument and does not measure the polar flux completely. Only when the
polar flelds are corrected is the configuration of the magnetic structure

correctly predicted. Svalgaard et al. (1978) found that near minimum a
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strong, sharply peaked polar field of the form 11.5 cos®¥ G best represented
the usually omitted polar fleld. A correction of this form has been added to
the line-of-sight mmagnetic field when performing these computations. The
precise nature and form of this correction and its change through the solar

cycle will be discussed in more detail in Chapter 4.

The method as desc~ibed above is the same as that used in Hoeksema et
al. (1982). One further correction has been added to account for the zero
offset in the field. Using the composite dataset described above, for each
longitude, L0, we compute the average field strength of the 360" region in the
final dataset (one complete rotation) centered on LO and record the resulit.
To the extent that we accurately measure the total solar magnetic flux this
would represent the monopole component of the field. Our final dataset con-
sists of 30 field values equally spaced in sine latitude from North to South for
each 5° in Carrington longitude and the zero offset term. Because we believe
that the zero offset is largely due to isolated regions of unbalanced measured
flux and to effects of local field evolution which "contaminate” the global
field, the "monopole correction” is subtracted whenever the data is
retrieved. This form is the same as that used in Hoeksema et al. (1983). The
meaning and significance of the zero offset will be considered in more detail

in Chapter 4.

Form of Results — Fields & Multipole Components

There are three forms of data which result from the potential field
model calculation: the radial magnetic field at the source surface, the har-
monic coefficients, and the 3-component vector field between the photo-
sphere and the source surface. This section very briefly summarizes the
meaning of each type of data and describes the presentation of each form. A

detailed discussion of the results will be deferred to later chapters.

The model requires that the field at the source surface be radial; there-
fore, there is only one component of the field on that surface. The assump-

tion is that the energy of the accelerating solar wind overcomes the energy




of the magnetic field and carries the field lines radially outward into the
heliosphere. Thus the pattern of the magnetic field at the source surface
extends into the heliosphere along Archimedian spiral lines. Therefore the
source surface field forms a crude map of the magnetic fields throughout the
inner heliosphere. Of course the configuration is subject to change due to the
dynamic interactions of the solar wind plasma as it travels outward and to
any further field interactions which may occur beyond the radius of the

source surface {e.g. Schatten, 1971b; Suess et al. 1977.)

To represent the source surface fields we use a contour map of the mag-
netic field strength as shown in Figure 3-4 for Carrington Rotation 1658 1n
June 1977. This particular rotation shows a structure typical of the rising
phase of the solar cycie. The format is the same as the synoptic charts
shown in the previous chapter. Carrington longitude is on the x-axis and lati-
tude on the y-axis. In this and subsequent plots the latitude scale will be
shown in equal steps of latitude, though the data and the computations are
done with a grid spaced in equal steps of sine latitude. This is done for ease

of comparison with other solar data published in similar form.

Because of the resolution of the Stanford magnetograph and the conver-
sion to equal steps in latitude, there is no data above 70°. The Carrington
rotation and longitude are shown below. The date of central meridian pas-
sage of 180° is given at the upper right. The contour levels are at 0, +1, 5,
10, 20, and 50 microtesla. This may be compared with the contour levels of
0. £100, 200, 500, ... microtesla on the photospheric plots. Negative contour

lines are dashed. the first thickened solid contour is the neutral line, and

Figure 3-4: Computed magnetic field contours on a spherical source surface concen-
tric with the Sun at a radius of 2.35 R, for Carrington Rotation 1656, beginning 13
June 1877. The solid contour lines represent field direclted away from the Sun with
observed fleld strengths 1, 5 and 10 microtesla; the dashed contours represent field
directed toward the Sun. The observed fleld strengths should be multipled by a factor
of 1.B to account for magnetograph saturation (Svalgaard et al, 1978). The heavier
line shows where the direction of the computed fleld changes from away to towards,
and is assumed to be the source of the heliospheric current sheel, The + and - sym-
bols represent daily values of the polarity of the interplanetary magnetic field ob-
served at Earth, adjusted for the flve day transit time of sclar wind from Sun to
Earth.
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subsequent solid contours represent positive flux regions. As discussed in

the following chapter, the plus and minus signs represent the interplanetary
magnetic field polarity measured at Earth and corotated back to the sun. In
this plot the source surface radius was placed at 2.35 solar radii and the
standard polar field correction was made. The zero offset was very small and

has not been removed.

Full page contour plots of the source surface magnetic field for Carring-
ton Rotations 1841 through 1739, May 1978 thr~ugh September 1983, can be
found in Hoeksema (1984). In that report the source surface radius was fixed
at 2.5 solar radii, the standard polar field correction was made, and the zero
offset was removed. Reasons for these choices will be discussed in later

chapters.

The harmeonic coeflicients can be used to calculate the field in the
region between the photosphere and the source surface. For investigation of
the heliospheric fields, expansion of the fields out to order 9 of the spherical
harmonics seems to be more than sufficient. Calculations including higher
orders show negligible differences in the field at the source surface. For
investigation of regions near the photosphere one should really use more
terms. The resolution of the Stanford data limits the calculation to approxi-

mately order 23.

In the normalization used here for the associated legendre functions,
the g,n, and hy, coeflicients refer to the magnitudes of the multipole com-
ponents of the magnetic field multiplied by (20 +1)%. Thus the gg term is the
monoepole term, the g, term is the standard polar dipole, the g,; term is the
equatorial dipole, and the h,,; is the equatorial dipole oriented 90° out of
phase with g,;. To compare the magnitudes of the dipole components with
the monopole term, each coeflicient must be divided by V3. Higher terms
refer to the quadrupole, octupole, and higher moments. The principle index,
l, is the total number of circles-of-nodes on the sphere for that multipole and
the second index, m, is the number of those nodal circles passing through
the pole. As shown in Figure 3-5, g.¢ is the harmonic with seven circles of

nodes in the horizontal direction, i.e. zonal structure; g,, refers to the har-

monic with seven circles of nodes passing through the pole forming sectoral

e




SPHERICAL HARMONICS
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Figure 3-5: The form of the spherical harmonic functions: the zonal harmeonie, P;’;
the tesseral harmonic, P§; and the sectoral harmonic, P7.

(i.e. meridional) structures; and g,5 would have two lines of nodes parallel to
the equator and five passing through the poles. The h coefficients are dis-
placed 90° in the longitudinal direction.

The following table contains the harmonic coeflicients for Carrington
Rotation 1656. The coefficients for each Carrington Rotation can be found in
the same format in Hoeksema (1984). The row number is the primary index,
l, of the harmonie, the column is the secondary index, m. Substituting these
into equations 3-1,2,3 allows computation of the potential field. These were
calculated including the polar field correction with the source surface at 2.5

solar radii.

Between the source surface and the photosphere all three components
of the fleld can be computed from the g's and h's. The presentation and

interpretation of the data becomes more complex. As the radius approaches
3
R
the photosphere, the higher order terms which depend on {T"} become

more prominent and the structure begins to resemble the complex
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‘s 0 1 2 3 4 5 8 7 8 9
0 |-4.285 Carrington Rotation 1656
1 24.543 -3.035

2 -1.123 -1.427 3.208

3 18.878 -1.843 -10.537 2.885

4 -0.482 -3.357 -0.537 8.436 10.844

5 |13.624 0659 -5.192 7.644 -4.606 -1.658

8 |-0.431 0758 0.619 4.839 10.020 -9.175 6.140

7 | 5.202 -0079 2058 2844 3156 -5.083 -8.175 1.463

8 | 0.018 0.870 -0.066 0388 1.639 -0.459 2.185 -5.605 0.428

9 | 1.667 -0.857 -2.517 -2.781 3.787 1.310 -1.987 1.863 -0.485 7.725
h's

0 |0.000

1 0.000 -12.277

2 10000 -0.188 -13.740

3 0.000 -B.355 5.184 -0.729

4 0.000 2.534 -10.504 12.047 -9.680

5 [0.000 56871 -5917 -4.707 -1.320 3.013

6 |0.000 -3.127 0.017 -0.717 2.749 14653 -9.662

7 0.000 -0.070 0.148 -0.055 7.055 -1.938 -12.668 3.313

8 0.000 -0.398 -1.542 -0.484 7.972 2884 -8.185 14.853 -0.727

] 0.000 0.842 2.881 -0.385 0.513 1.437 2.482 -1.760 -7.088 -2.519

photospheric structure rather than the relatively simple structure in the
interplanetary medium. Because the calculations have been completed only
to order 9, the structure near the photosphere is also much simpler than the
measured fleld. Comparison of the fields calculated for a variety of max-

imum orders of the expansion will be discussed in a later chapter.

Figure 3-8 shows the field direction at 1.1 R, for a source surface radius
of 25 K, at a height of 1.1 R, for Carrington Rotation 1656. At each grid
point, marked by plus symbols, an arrow is drawn to show the direction of
the fleld computed from the ¥ and gy components. The zero contour of radial
field is drawn and the arrows corresponding to a negative radial field com-

ponent are dashed. The y-axis is scaled in sine latitude. This plot gives no

Figure 3-8: The directicn of the magnetic field at 1.1 R, for Carrington Rotation 1658.
The arrows show the direction of the field at each grid point but not the magnitude.
The contour line separates regions of positive and negative radial field. The arrows in
negative field regions are dashed. The latitude is scaled in sine latitude.
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information about the magnitude of the field. It should be noted that the
results shown are from a single computation of the field for the entire Car-
rington Rotation and that the zero offset has not been removed. The polar
field correction has been made to the data. Near the surtace the zero offset
has even less effect than at higher altitudes because its relative importance
decreases with decreasing altitude. It is interesting to note both the similar-
ities and diflerences from the plot of the source surtace field and the photos-
pheric fields for this rotation.

We now turn to a more extensive discussion of the comparison of the
source surface flelds and the interplanetary field polarity. Using this com-
parison the best source surface radius can be determined and the strength

of the polar field correction can be verified. The zero offset correction will

also be discussed.




Chapter 4 -- Setting the Parameters

The previous chapter described the potential field model. Before
proceeding to an investigation of the evolution of the heliospheric magnetic
field structure, the source surface radius must be determined, the polar field
correction must be investigated, and the handling of the monopole com-
ponent must be discussed. To determine the best alternative in each case,
the polarity of the interplanetary magnetic field (IMF‘) predicted by the
model and that measured at the Earth are compared. Thus the method used
should give the most accurate prediction of the large scale polarity structure
at Earth. It should be emphasized that the Earth is not a very sensitive
probe of the heliosphere, since it never travels more than 7.3° from the solar

equator.

After explaining how the IMF polarity is determined near the Earth and
predicted by the model, we discuss the correlation of the two for a given
source surface radius and polar field strength. Then the factors influencing
the selection of the source surface radius and the effect of varying the radius
on the large scale configuration of the source surface field will be discussed.
The polar field correction of Svalgaard et al. (1978) has been extrapolated
through the polar field reversal at maximum and the effect of the polar field
strength and the source surface radius on the correlation with the observed
IMF polarity is shown. Finally the origin and handling of the zero ofiset or

"monopole” component will be explained.

Comparison of Predicted and Observed IMF Polarity

Spacecraft provide the most reliable determination of the interplane-
tary field, but when spacecraft data are unavailable the daily polarity can be
quite accurately inferred from geomagnetic data using the method described
by Svalgaard (1975). The IMF polarity dataset is constructed using a three-

step process.
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From the high resolution spacecraft data, hourly averages of the field
direction are computed. For each 24-hour interval no more than half of the
data may be missing. For a polarity to be assigned, at least 7/12 of the
hourly averages must be of the same polarity, otherwise the day is desig-
nated mixed.

After the computer makes the original assignment, an observer familiar
with the interplanetary data, in this case Leif Svalgaard, Grazia Borinni, or
John Wilcox, checks the value for each day. The IMF polarity is usually organ-
ized into a few strong sectors per solar rotation with some short periods of
opposite polarity imbedded within them. Using plots of the data for an entire
rotation, the observer judges the character of each day with respect to the

large scale sector structure and verifies each day's polarity assignment.

Finally, the inferred polarity data is included for those days for which no
spacecraft polarity can be assigned. Thus for each day there is a value
corresponding to field directed predominantly away from the sun along the

spiral field direction (+1), toward the sun (-1), or mixed (0).

For comparison with the IMF polarity measured at Earth the model must
predict one polarity value per day; +1, corresponding to days when the aver-
age fleld direction points away from the sun, -1, corresponding to field
toward the sun, or 0, when the field is changing or indeterminate. The follow-
ing paragraphs give a detailed description of the method for making a

dataset of predicted IMF polarity.

Under the assumption of purely radial flow from the source surface to
Earth, the relevant field comes from the subterrestrial point. Using a qua-
dratic fit to the source surface field maps, the computer interpolates the
magnetic field value at the heliographic coordinates of the Earth for each 3-
hour time interval (about every 2 degrees of longitude). Positive three-hour
intervals are assigned a positive polarity and a corresponding assignment is
made for negative regions. Field values less than 0.001 microtesla {a value
small at any relevant source surface radius) receive a zero. Using a typical
source surface radius of 2.35 K, this results in about five 3-hour intervals of
indeterminate polarity in the interval 1976 - 1982. One might argue that a

zero polarity should be assigned for some larger range of field values since
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there are uncertainties in the current sheet location However, considering
the variation of fleld strength with source surface radius and solar cycle, it
would be difficult to choose a meaningful cutoff value. Uncertainty in the

neutral line location is accounted for as described below.

To find the daily polarity eight of the 3-hour values described above are
averaged. If at least six of the eight values have the same sign, that day is
assigned a polarity. Otherwise the day receives a zero. This corresponds to
an uncertainty in longitude of about 3°. Uncertainty in latitude is not con-
sidered. About 100 days from May 1976 to December 1982 are undetermined.
This is roughly equivalent to the number of mixed polarity days in the meas-

ured IMF polarity dataset and corresponds to about one day per rotation.

In order to compare the measured and predicted polarities the propaga-
tion time of the signal from the sun's surface to 1 AU must be accounted for.
In simply using the measured solar wind speed to map the measured IMF
back to the source surface two severe problems are encountered: 1) velocity
data coverage is much less complete than the polarity data and 2) when the
velocity increases significantly with time, several days of interplanetary field
may appear to come from a single longitude since the propagation time may

vary from 2% to 5 days.

Another alternative is to map the values on the source surface outward
usitsg to some rule relating velocity and field strength (or distance from
current sheet, or the latitude difference of the current sheet and Earth, or
|B2%|, or ...) Besides the difficulty in deciding which quantity to use in what
way, this would require computation of the solar wind interactions in transit

which is far beyond the scope of this investigation.

Figure 4-1: The IMF polarity observed al Earth is presented in the the Bartels chart
format. Each row has 27 boxes with the polarity for each day indicated in a box. A
filled box indicates toward polarity;, a hatched box indicates indeterminate polarity;
an empty box indicates away polarity. This format emphasizes the 27-day recurrence
pattern in the polarity and the large-scale structure over many rotations.

Figure 4-2: The [MF polarity computed at the source surface by the model is present-
ed in the same format as Figure 4-1. The plot is displaced by five days to account for
the solar wind transit time from Sun to Earth.
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The field is organized into large single polarity sectors both on the
source surface and as measured in the IMF. A comparison of the predicted
structure and that observed at Earth as shown in Figures 4-1 and 4-2 for the
interval May 1976 through September 1977 demonstrates this. In this case a
source surface radius of 2.35 K, and the standard solar polar field correction
of 11.5 cos®¥ G were used. (The choice of interval and how these values were
determined are discussed in the next two sections.) These figures show the
data plotted in Bartels rotations as is customary for geomagnetic observa-
tions which typically have a recurrence period of 27 days. Filled boxes
correspond to negative polarity days and open boxes to positive polarity.
The predicted data has been displaced five days to compensate for the tran-
sit time. Comparison of the two figures shows that the model predicts the
large-scale structure quite well and that most of the disagreements occur
near sector boundary crossings or as isolated events likely due to transient
events. A portion of the disagreement near boundary crossings is caused by
our use of a constant five-day solar wind transit time from sun to Earth, since
in fact there are some variations in the actual transit times. On the one day
scale used in plotting Figures 4-1 and 4-2, however, these variations in transit

time would not make a large effect.

Since most of the disagreements between the two do occur in the loca-
tion of sector boundaries, this means that the comparison is sensitive to the
propagation time only near the edges of sectors. Near sector boundaries the
solar wind velocity is typically relatively low (Wilcox and Ness, 1965). This
explains the long five-day lag which is greater than the average solar wind
transit time. Solar wind velocities near sector boundaries also show relatively
littie scatter, suggesting that the approximation of boundary speed by a sin-

gle value is not unreasonable.

Using this approximation a reasonable comparison of the two quantities

Figure 4-3: The cross correlation between the IMF polarity predicted from the adopt-
ed computation of the heliospheric current sheet and the polarity observed at Earth.
The lag of the first peak is five days, which represents the transit time from Sun to
Earth of the solar wind near the sector boundaries.
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using a constant lag time can be made Computation of the correlation
between the predicted field polarity at the sub-terrestrial point on the
source surface and the IMF polarity observed at Earth for a variety of lags is
shown in Figure 4-3 for the interval May 1976 to September 1977. The first
peak at 5.0 £ 0.3 days represents the transit time for the solar wind plasma
to transport the magnetic field from sun to Earth near a boundary. The five
day lag corresponds to a solar wind velocity of 350 km/s. The relatively slow
decline in amplitude of the peaks near 32 days, 59 days and 86 days shows
that the large-scale IMF structure is quasi-stationary. The intermediate
peaks are caused by the four-sector nature of the IMF structure at this time.
The 27 day difference in time between the peaks at 32 days and 5 days shows

that the recurrence time of the IMF is close to 27 days.

In the discussion so far the IMF polarity observed at Earth has been
compared with the source surface field polarity at the heliographic latitude
of the Earth. What happens if instead we compare the observed IMF polarity
at Barth with the polarity on the source surface 5 degrees north of the sub-
terrestrial latitude? Figure 4-4 shows that the maximum cross correlation
decreases from 0.64 to 0.54. These results refer to the same 1976 - 1977
interval with the same parameter values. Figure 4-4 demonstrates that the
sub-terrestrial latitude on the source surface has the most similar magnetic
polarity structure to that observed at Earth, and that even a few degrees
north or south of the sub-terrestrial latitude the correlation with the

observed fleld is smaller.

Figure 4-4: The maximum cross correlation between the IMF polarity %redicled from
a computed current sheet on a source surface at 2.35 R, with 11.5 cos”8 G added po-

lar fleld and the IMF observed at Earth as a function of the latitude on the source sur-
face at which the fleld polarity was predicted. In the abscissa, zero represents the
heliographic latitude of the Earth.
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Choosing the Source Surface Radius

Different authors have used various criteria for choosing the source sur-
face radius. Schatten et al. (1969) used energy considerations, eclipse pic-
tures, field strength extrapolated tc¢ 1 AU, and complexity of the sector
structure to set the source surface radius. K; =1.8K,. This referred pri-
marily to the areas over large weak fleld regions. Altschuler & Newkirk
(1969) used the shape of structures over active regions observed during
eclipses to set R, =2.5K,. The difference lies in the type of region over
which the potential field is being calculated. Several studies suggest that
open fleld lines occur lower over quiet regions than they do over active
regions (Zirker, 1977, Schulz et al., 1978, Burlaga et al., 1978; Levine et al.,
1982.) For example Levine (1977a.b), and Pneuman et al. (1978), use a
source surface radius of 1.6 K, to study the large scale open field regions
while Jackson & Levine (1981) use 2.8 K, to study the area above active
regions. Levine (1982) extended this relation and used 1.6 R, near sunspot

minimum and 2.8 R, near maximum.

In this study the optimum source surface radius is empirically deter-
mined for each of three intervals by computing the source surface field over
a range of radii and comparing the resulting IMF predictions with the IMF
measurements. This optimizes the agreement of the model with the large
scale IMF polarity structure. In order to first investigate an interval during
which the polar field did not change and the level of solar activity remained
relatively constant, the time period May 1976 through September 1977 was
chosen. The results for this interval are shown in Figure 4-5. The correla-
tion, labelled on the vertical axis, is shown for various source surface radii

ranging from 1.8 to 3.1 R,. Each line corresponds to a different magnitude of

Figure 4-5: Maximum correlation between the [MF polarity predicted from the com-
puted heliospheric current sheet and the IMF polarity observed at Earth as a function
of the source surface radius on which the current sheet was computed. Source sur-
faces were computed with an added solar polar field strength of 11.5 cos® G as com-
puted by Svalgaard et al. (1978), and for other values of the added solar polar fleld as
shown.
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the polar field correction. The polar field correction will be explained in
more detail in the next section. The solid line represents the results using

the standard poiwar field correction of Svalgaard et al. (1978) discussed below.

At each radius the maximum correlation occurred with a lag of five days
between the source surface and 1 AU. The largest correlation occurs for a
source surface of radius 2.35 R, {with the expected polar fleld correction)
and corresponds to correct prediction of the IMF polarity on 827 of the days.
For this reason most of the results for this time period refer to calculations
with this source surface radius and polar field correction. For comparison,
the polarity inferred from geomagnetic data agrees with spacecraft meas-
ured polarity 85 - 90Z of the time (Svalgaard, 1975). Considering that this is
a prediction using photospheric data and that most of the discrepancies
occur in the day or two near boundary crossings, this is a good success rate.
The figure suggests that differences of up to a quarter solar radius have little
effect on the correlation. The correlations for Ry, =1.6 R, and R, =3.1 R, are
noticeably poorer. Correlations for other intervals are presented in the next

section after discussing the polar field correction.

It is also interesting to see how varying K, changes the computed field.
Figure 4-6 shows the configuration of the current sheet for Carrington Rota-
tion 1656 calculated with several different source surface radii. Each calcu-
lation included the standard polar field correction. Since the higher order
multipole components fall off with increasing dependance on radius, r~¢*1),
increasing the source surface radius essentially filters out the higher order
contributions. For a given set of coefficients this will emphasize the dipole
term. Of course the harmonic coefficients do change as R, varies, though
since the photospheric boundary condition is the same they do not change a
great deal. The neutral lines in Figure 4-8 demonstrate this effect quite
graphically. With R;=1.6R,, the neutral line shows quite a bit of structure

Figure 4-8: Computed current sheets for Carrington Rotation 1656 beginring 13 June
1977 for source surfaces at several different radii, as indicated. As the radius of the
source surface is increased the computed current sheet approaches the solar equa-
tor.
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and extends to relatively high latitude. As the radius increases the amount
f of structure due to the higher order terms decreases and the polar dipole is

emphasized, pushing the current sheet closer to the equator.

Interestingly, all of the computed current sheets in Figure 4-6 agree
almost equally well with the observed IMF polarity. Thus a comparison of the
IMF polarity predicted from a computed current sheet with the IMF polarity
observed at Earth is only a weak test of the extent in latitude of the com-
puted current sheet. A spacecraft observing at large heliographic latitudes

would give the definitive answer to the problem of the extent in latitude of

the heliographic current sheet.

The Polar Field Correction

Stenflo (1971), Howard (1977), and Svalgaard et al. (1978), have pointed '
out that conventional line-of-sight field observations made by solar magneto- ;
graphs do not directly measure all of the solar polar magnetic field. Pneu- 1
man et al. (1978), Burlaga et al. (1981), Hoeksema et al. (1982, 1983), and '
Levine et al, (1982) have shown the importance of the sun's polar field
strength for the potential field model results. This is especially true near i
sunspot minimum when the polar fields are strong and the lower latitude

fields are relatively weak. Wilcox et al. (1980) computed the heliospheric

current sheet configuration for early 1976 using solar magnetograph obser-

vations from Mt. Wilson Observatory which did not include the solar polar
magnetic field only partially observed in daily solar magnetograms. As a |

result the computed extent in latitude of the heliospheric current sheet was

Figure 4-7: The diagram shows the approximate location and size of the northern-
most aperture on the Sun during the observations for a magnetogram. The aperture
is 3 arc minutes square. Ten-day averages of the field strength measured in this
aperture from May 1976 through December 1982 are plotted. The annual variation
due to the inclination of the solar pole to the ecliptic can be clearly seen. Before po- X
lar fieid reversal the average field strength was about 95 microtesla. After reversal it
$ was about 45 microtesla. The straight lines show the scaling factor used to determine
the polar fleld correction throughout this interval with 11.5 cosa(ﬁ) G being the
canonical value in 1978-77.
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probably too large, as was pointed out by Burlaga et al. (1981).

That some of the polar flux escapes detection can be seen in the Stan-
ford measurements by considering the field measurements obtained in the
apertures nearest the poles. Figure 4-7 shows a diagram of the northern-
most aperture of a St..nford magnetogram relative to the solar disk. The
aperture is 3 arc-minutes square. Ten-day averages of the field strength
measured in this aperture are shown for May 19768 through December 1982.
Svalgaard et al. (1978) studied the interval May 1876 through September
1977, a time when the solar polar field was not changing. By considering the
annual variation in measured field strength due to the 7° inclination of the
solar rotation axis to the ecliptic plane they determined the strength of the
fleld in the northern and southern polar regions. Their study discovered that
an additional sharply peaked radial field of the form 11.5 cos®d¥ G was
required to reproduce the observed annual variation in the polar apertures.
(This is the value corrected for magnetograph saturation.) ¥ is the colati-
tude. This annual variation can be clearly seen in Figure 4-7, as can the
reversal of the field polarity which occurred near the end of 1979. The

corresponding plot for the south pole, shown in Figure 4-8, is very similar.

Pneuman et al. {1978) computed the field on a source surface located at
2.5 R, during the Skylab period in 1973 and found that their computed neu-
tral lines were systematically poleward of the brightness maxima observed at
1.8 R, with the K-coronameter at Mauna Loa, Hawaii. If the fields above 70°
latitude measured with the full disk magnetograph at Kitt Peak National
Observatory were increased to about 30 gauss this efflect was removed. This
is a much larger correction for the solar polar field than that determined for
the Stanford data. The reason for the difference from this work is not clear.
Pneuman et al. (1978) suggested other possible causes for their systematic

poleward displacement of the neutral line; to the extent that these operated

Figure 4-8: The corresponding curve for the southernmost aperture shows that the
pelar field in this hemisphere evolved much like the northern field. From these
curves the polar field in each hemisphere appears to have reversed at the same time.
The magnitudes of the fields were also very similar.
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the solar polar field correction would be reduced. A difference in solar mag-

netograph calibrations between Kitt Peak and Stanford may contribute to
the different corrections, furthermore the solar polar field strength may

have been different in 1973 and 1976.

We can now finish the discussion of Figure 4-5 which shows the maximum
correlation of the predicted and observed IMF polarities for the interval stu-
died by Svalgaard et al. (1978). Each curve refers to the results computed
for a single value of the polar field correction at several source surface radii.
The solid curve represents the standard correction described above,
11.5cos®9 G. The best correlation occurs when the standard correction is

applied to the data. This occurs with £; = 2.35 K, .

For comparison the potential field model has been calculated using
polar field corrections of different magnitudes. The short-dashed line shows
the correlations with no polar fleld added. The other lines refer to correc-
tions of % and 1% times the standard correction. Apparently any polar correc-
tion is better than none. During this interval the correlation for a given R; is
relatively sensitive to the polar field correction, though by varying R, good
agreement can be found for any polar correction. While the polar field of
11.5cos® of Svalgaard et al. (1978) does give the best agreement, the

differences are not large.

Figure 4-9 shows computed current sheets on a typical Carrington rota-
tion (Rotation 1656 again) for the four values of added solar polar magnetic
field. The source surface radius is held constant at 2.35 R,. The current
sheet for the selected value of 11.5 gauss is shown with a solid line. The
current sheet shown with short dashes was computed with no added solar
polar field, and has the largest extent in latitude in Figure 4-9. The dash-dot
line is the current sheet computed with 17.3 gauss added solar polar fleld

{i.e. one and one half times the preferred value), and has the smallest extent

Figure 4-9: Computed heliospheric current sheets on Carrington Rotation 1656 begin-
ning 13 June 197? for several values of added solar polar magnetic fleld. As the
strength of the polar field is increased the computed current sheet approaches the
plane of the solar equator.
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in heliographic latitude.

Near 340° longitude the maximum latitude of the current sheet
decreases from 58 degrees with no added solar polar field to 37 degrees for
17.3 gauss added fleld. All of the computed current sheets in Figure 4-9
cross the solar equator at the same longitudes and all of the computed
current sheets agree almost equally well with the IMF polarity observed at
Earth. The maximum correlation coeflicients shown in Figure 4-5 for this
interval are nearly the same for all the values of added solar polar magnetic
field.

It is interesting that when a larger [smaller] polar field is added, the
optimum source surface radius moves lower [higher]. This is because during
this interval increasing the polar field and the source surface radius have a
similar effect. The polar field correction is anti-symmetric about the equator
and therefore reinforces the dipole field. This has the effect of pushing the
current sheet toward the equator as shown in Figure 4-9. Increasing the
source surface radius tends to emphasize the lower order harmonics,
specifically the dipole term. This also tends te push the current sheet

toward the equator as shown in Figure 4-6.

Another method of verifying the location of the current sheet is to com-
pare the structure calculated with the potential field model with that
inferred from synoptic maps of the observed coronal polarization brightness.
Using the neutral line inferred from the Mauna Loa coronameter data at 1.75
R, and the potential field calculated with R, =2.35 R, and the standard polar
correction, Wilcox & Hundhausen (1983) made such a comparison for the
interval May 1976 through September 1977 near sunspot minimum. On most
of the rotations compared, the two methods glve essentially the same
results; the basic shape of the current sheet and the amplitude in solar lati-
tud. of the displacement of the current sheet from the solar equator are

similar.

In early 1976 Pioneer 11 reached a heliographic latitude of 16°N and
observed a single polarity in the interplanetary medium for several rotations
(Smith et al., 197B). This occurred just a few months before the interval dis-

cussed here. Since the field changes slowly near minimum, it is significant
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that this is consistent with the extent in latitude of the current sheet calcu-

lated for this interval only when the polar field correction is made.

- Wilcox et al. (1980) used this model with Mt. Wilson photospheric data in
early 1978 to compare with Helios | & 1l measurements of the interpianetary
field reported by Villante et al. (1979). They found good agreement with both

Earth and spacecraft measurements from various latitudes within 7%° of the :

equator. Unfortunately they neglected the polar field correction as later
pointed out by Burlaga et al. (1981). As a result the current sheet extended
to higher latitudes than the Pioneer data could allow. This is a further indi-
cation of the importance of higher latitude measurements for testing the

applicability and accuracy of the model.

During the rising phase of the solar cycle the polar fields weaken and !
near maximum ultimately reverse polarity. Meanwhile the lower latitude
fields become much stronger. The Svalgaard et al. (1978) method requires |
that the polar field remain relatively constant during the year so that the
annual variation can be used to determine the high latitude field. The same
method can not be used to calculate the polar correction near maximum,
since the polar field strength changes substantially in a year. The strength
of the solar polar field correction through December 1982 has been deter-

mined by extrapolating the method of Svalgaard et al. {1978).

The straight lines in Figure 4-7 show an estimate of the average polar
field strength. This value is used to scale the strength of the polar field
correction. Thus the standard field of 11.5 cos®d G is added in 1976 - 1977, 0
G near the end of 1979, and a field of about half the original magnitude with
the opposite sign tollowing 1981. This indicates that the relative importance
of the polar fields in determining the magnetic structure in the equatorial 3
region is probably much smaller near maximum than near minimum. At
higher heliographic latitudes the effects may still be important {Levine,
1982). Comparison with coronagraph measurements might be a good way to

test this.

) The predicted IMF polarity computed with Ry ranging from 1.6 to 3.1 R,

for each value of the polar field correction has been determined. As before

the effects of varying K, and the polar field correction on the correlation of
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IMF polarity predicted by the model and that observed near Earth have been
investigated. Figure 4-10 shows the correlation coefficient at a lag of 5 days
to account for the transit time from Sun to Earth vs. source surface radius.
The data from 1976 through 1982 divided rather naturally into three equal
parts coinciding roughly with intervals when (I) the polar field was constant,
(11) the polar field was changing rapidly, or (III) after the field had changed
polarity.

Interval I includes May 1976 through June 1978, the rising phase of the
sunspot cycle which includes the time period discussed above. The four
curves correspond to different values of the polar field correction. Circles
show the result for no polar field addition; triangles for half the standard
fleld; squares for the standard correction of 11.5 cos®¥ G; and plusses for 1.5
times the standard strength. The correlations are somewhat lower than
those shown in Figure 4-5 because the year beginning September 1977 was a

year of large changes in field configuration and the correlation was worse.

Similar curves for the period around maximum, July 1978 to August
1980, are labelled Interval II. Almost no differences exist between the curves
for this interval, which demonstrates the unimportance of the polar field in
determining the equatorial structure. Interval IIl, September 1980 through
December 1982, shows the results for the beginning of the declining phase.
The maximum correlation is substantially higher, due primarily to the
structure’s simplicity during most of 1982. Again the correlation is rather

insensitive to polar field strength.

Figure 4-10: Correlation of the measured IMF polarity with that predicted by the
model vs. source surface radius. The maximum correlation coeflicient for the time
period May 1978 - June 1978 (Interval I}, indicates an optimum source surface radius
of about 2.5 K,. Circles show the result computed with no polar field correction; tri-
angles for half the standard field; squares for the standard polar field correction of
11.5 cos®S G; and plusses for 1.5 times that strength. Interval Il shows the results for
the period around maximum, July 1978 - August 1980, and Interval III for the period
September 1980 to December 1982. The correlation is somewhat higher for this last
period. The magnitude of the polar field correction does not affect the predictions at
the latitude of the Earth during the later intervals. The later curves show little varia-
tion with K, so that with an uncertainty of 0.3 K,, 2.5 K, still seems to be about the
best source surface radius.
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In no interval is there a sharp peak suggesting that one source surface

radius or polar fleld strength is clearly the best. There is, therefore, sub-
stantial uncertainty in the selection of source surface radius and polar field.
Good choices are a source surface radius of 2.5 K, and the standard polar
field correction. There is no significant change with time in the distance at
which the source surface should be located. In light of the insensitivity of
the determination of the optimum source surface radius, a radius of 2.5 R,
will be used for the entire span of the data unless otherwise indicated. This
reflects the uncertainty of about 0.25 R, in K,. Interestingly, for no interval
does the correlation for Ry =1.6 K, approach the accuracy of 25 R,. It
should again be emphasized that Earth is not a good probe of the heliosphere
being limited to solar latitudes less than 7.3°. When the latitudinal extent of
the current sheet substantially exceeds this limit, the best source surface
radius or polar fleld correction cannot be conclusively determined using this
method.

The Monopole Component

Discussion of the monopole component, or zero offset, is more a con-
sideration of the errors that contribute to the calculation of the potential
fleld model than the determination of some parameter of the model. While
there has been speculation that the sun may have a small monopole field
(Wilcox, 1972), the zero offset determined in this study varies in both magni-
tude and sign on relatively short time scales, suggesting another source for
this signal. Figure 4-11 shows the monopole component computed at each
10° interval from May 1978 through December 1983. Scaled in microtesla,
this figure shows that during most of the interval the zero offset was rather

small and fluctuated slowly about zero.

Figure 4-11: The monopole component of the field computed each 10°. The magni-
tude of the component varies with the general field strengh of the photospheric field
and has an average value very close to zero (about 0.2 uT at the source surface). This
component comes mostly from evolving active regions and diflerential rotation.
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During only three intervals near Carrington times (CT) 1695:220,
1706:060, and 1713:030, in May 1980, and April and October of 1981, does the
zero offset become very large. In the first two cases the extremely high
values persisted for only a single rotation; the trend following Rotation 1713
lasts somewhat longer. Examination of the photospheric data for each of
these intervals shows that in no case is there any missing data which could
contribute to the signal. However comparison of the photospheric field near
the edges of the data shows that rapidly evolving active regions probably pro-

duce this signal.

Figure 4-12 shows the photospheric field for Carrington Rotations (CR)
1713 and 1714. Compare the positive region at 40° longitude just south of
the equator on the two rotations. The peak fleld during CR 1713 is about 600
pT whereas the maximum strength is well over 2000 4T in the following rota-
tion. The region is also located farther to the east in the second rotation
which adds to the imbalance when computing the potential field using a 360°
interval. Similar strengthening has occured in the neighboring positive
regions but not in the negative regions. This suggests that there is an excess
of measured positive polarity near this longitude. The mean field of the sun
measured as a star, also determined at the Stanford observatory using an
independant set of measurements and plotted above the synoptic charts,

also shows an excess of positive flux for CR 1714,

Each of the other large excursions in zero offset can be explained in a
similar manner. This suggests that most of the "monopole” component
arises because of rapid evolution of strong field regions and because of the
slower than Carrington rotation rate of the mid-latitude strong fields. This
explaing why this component varies only slightly near minimum: there are
few strong field regions. This also explains why the variations are strongest
near maximum: there is more flux everywhere on the sun, more rapid evolu-
tion of the field configuration, and the active regions occur at higher lati-
tudes where differential rotation effects are more pronounced. After max-
imum, as the latitude of the active regions decreases, the variations in the

monopole component become smaller as well.

Other conditions which may produce a zero offset are zero level errors
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in the magnetograph signal, magnetograph saturation eflects, luminosity
weighting of strong field regions, measurement of only the line-of-sight com-

ponent of the field, and the tilt of the polar regions {Pneuman et al., 1978).

As discussed in Chapter 2, the Stanford instrument was built to measure
the large scale, weak field of the sun. As such zero level errors have been
largely eliminated and are tested for in conjunction with each measurement.
Saturation effects in the large aperture are understood and have the effect of
scaling all the measurements by a constant factor (Svalgaard et al., 1978).
Luminosity weighting is a problem, especially for the largest active regions,
and probably contributes the most to the unbalanced flux measured near

some active regions.

The effect of measuring only one component of the field is uncertain.
Svalgaard et al. (1978) showed that the 5250\ measurements varied with disk
longitude as if they were radial fields for both strong and weak field regions.
This sugges's that except near the poles, the field will be measured quite
accurately. One would expect that the annual variation in the tilt of the
poles would influence the zero offset, especially near minimum since the
polar field is so strong. However the line-of-sight component of the field is
very small and, since the Stanford instrument measures the field accurately
only to 75°, contributes little to the offset. This can be shown from analysis
of the power spectrum of the monopole component which shows very little

power contribution from frequencies near a 1/year.

Typical field values near maximum at the photoshere are several hun-
dred to several thousand microtesla. The zero offset is usually less than 20
4T, being only a few per cent of typical field values at the photosphere. As
discussed in Chapter 5, the power in the zero offset is almost always negligi-

ble compared with the power in the other components.

Having described the zero offset, the question of what to do with it

remains. Since it arises from errors in the magnetograph measurments and

Figure 4-12: a) Synoptic chart for CR 1713. b) Synoptic chart for CR 1714. Note the
changes in the circled fleld regions which produce a large monopole component in the
computed fleld.
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problems with the observation of an evolving field over an extended period of
time, it should be removed. Justification for removing the monopole com-
ponent comes from a consideration of where it arises relative to the data
kept in this analysis. Most of the offset comes from rapid evolutionary
changes in the field strength near the edges of a data window. The data kept
when constructing the final dataset comes only from the center of the data
window. The monopole term changes the zero level over the whole surface,
far from the edges where the signal arises. For this reason it is best to

remove the "monopole” signal to get the best representation of the field.

The question remains of how to do this. Simply excluding the calculated
monopole from the field constructed from the g's and h's makes the combi-
nation of consecutive calculations difficult because the variations in the zero
offset create large jumps between successive 10° calculations of the field
This is apparent from the noisy character of Figure 4-11. A second alterna-
tive would be to subtract the 360° running mean of the monopole com-
ponents. But these components no longer really represent the final dataset
which is composed of only the central strips of many computations, the
monopole components of which arise from data far from the central strips of

the calculations.

It was finally decided that the best way to determine the zero offset was
for each 5° strip of source surface data to compute the average field {zero
offset) for the surrounding 360°. This is the smooth curve shown in Figure 4-
13 and represents the best estimate of the zero offset error. This zero offset
is subtracted from the computed field. The -urve has been normalized to be
directly comparable with the magnitude of the zero offsets plotted in Figure

4-11 which refer to the photospheric field.

Figure 4-13: The zero offset removed from the final field computation. Because the
final dataset is a compaosite of many computations, the zero offset finally removed is
calculated for each longitude from the surrounding 360°. Asin Figure 4-11, the mag-
nitude refers to the source surface value.
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Summary

In this chapter the model intreduced in Chapter 3 has been developed to
a point where it can provide useful information about the heliospheric field.
Comparison of the IMF polarity measured by spacecraft near Earth with that
predicted by the model shows that the model predicts the large scale struc-
ture quite accurately. Unfortunately this is only a weak test of the model's
validity, however, it is the only test available during the entire interval.
Using this comparison to investigate the source surface radius, the only real
parameter of the model, it is found that a source surface radius of about 2.5
R, gives a good prediction of the IMF polarity throughout the entire interval.

The polar field, not completely measured by the magnetograph, has
been inferred from the annual variation in the polar field strength (Svalgaard
et al., 1978). This and the fact that the latitudinal extent of the current
sheet is incorrect when the polar field is ignored {(e.g. Burlaga et al,, 1981 in
reference to Wilcox et al., 1980) indicates that additional polar field must be
added to the photospheric data. In order to test the inferred polar field
strength, several values of the correction were added to the data. Com-
parison of the measured and predicted IMF indicates that the inferred field
value near minimum of 11.5 cos®¥ G (corrected for magnetograph satura-
tion) should be added to the data. The polar field correction was modified
through the cycle as the polar field weakened and reversed sign. Around
maximum when the low latitude fields were strong and the polar field weak,
the form of the added field had little effect on either the field configuration
at the source surface or the correlation with the measured IMF polarity.

Finally, the nature and significance of the zero offset in the calculated
field was discussed. Most of the zero offset arises from the relatively rapid
evolution of strong field regions. In any case the zero offset is almost always
very small compared to the rest of the field. Comparison of the predicted
and observed IMF polarity shows a slight (0.01 - 0.03) improvement in the
correlation during most intervals when the "monopole” computed for each
longitude is removed.

Having set up the model calculation, the results are discussed in the fol-

lowing chapter.




Chapter 5 -- The Heliospheric Field

At last the investigation of the heliospheric field can begin. The magne-
tograph data have been described, the model has been developed, the source
surface radius, polar field correction, and zero offset have been determined
and incorporated into the model. Even the form in which the results are

presented has been described. Finally we proceed to learn about the sun!

In this chapter the configuration of the heliospheric magnetic field is
described as it evolves from a simple, equatorial structure near minimum in
1976; to a convoluted structure near maximum in 1980 which extends to high
latitudes; to a simpler, stable high latitude structure in 1982 - 1983. To do
this we follow the development of the field at the source surface by discuss-
ing typical Carrington rotations from each time interval and by presenting
the computed current sheets in such a way that the long term evolution can
be easily seen. This incorporates the analysis of two papers published using
this data by Hoeksema et al. (1982, 1983). The first interval includes the
quiet time around minimum from May 1976 to September 1977. During this
interval the polar field changed very little, the current sheet evolved rela-
tively slowly, and the latitudinal extent of the current sheet conformed with
the prevailing opinion that the extent in latitude must be rather small. As in
Hoeksema et al. (1982), for this interval a source surface radius of 2.35 &,
will be used since it gave the best correlation with the IMF polarity. During
this period the zero offset was extremely small and so has been ignored for

the field values computed at 2.35 A, .

The following section deals with Interval 1 which encompasses the
expanded interval CR 1641 - CR 1869, May 1976 through June 1978. This over-
laps the original interval but includes what is typically considered the rising
phase of the solar cycle. As in Hoeksema et al. (1983), for this and subse-
quent intervals By, = 2.5 K, and the zero offset has been removed. The latitu-
dinal extent of the current sheet increases markedly near the end of the
interval, but the structure is a simple deformation of the configuration

observed in 1978. The polar field correction remained constant throughout

|



this interval.

During the next interval which includes solar maximum, CR 1670 - CR

1699, June 1978 to September 1980, the polar field reverses. For much of

- this interval the current sheet extends to the poles. The structure is quite
complex and even includes multiple current sheets at times. In spite of the ;
more rapid evolution of the field, the large scale structures continue to show )

lifetimes of several years. ]

Interval III includes the beginning of the declining phase of the cycle
from September 1980 - December 1982, CR 1700 - CR 1729. During this time
the field structure is extremely stable and exhibits both 2 and 4 sector strue-
ture in the ecliptic plane. The polar field remains constant but is opposite in

sign to that during Interval I with about half the magnitude. Because of the

s

stability and simplicity of the ecliptic structure, the accuracy of the

predicted IMF polarity increases for this interval.

The computations for 1983 show that the latitudinal extent of the

current sheet remains fairly high and that the structure keeps about the

same level of complexity for the entire year. The strong field regions are
extremely stable. The IMF data has not yet become available to us for 1983

for comparison with the predicted polarity.

Solar Minimum — 1976 - 1977

g

The first interval investigated includes only the time nearest solar
minimum when the structure was simple and the polar field remained con-
stant. The structure of the heliospheric current sheet on a spherical source
surface of radius 2.35 R, has been computed using the potential field model
during the first year and a half after the last sunspot minimum, CR 1641 - CR
1658. The solar polar magnetic field not fully observed in conventional mag-

netograms has been included. Being very small, the zero offset has been

' ignored in the analysis of this interval.

! During this time interval there was an electric current sheet that was

warped northward and southward of the plane of the solar equator (Schulz,




1973). North of the current sheet the interplanetary magnetic field (IMF)
was directed away from the sun and south of the current sheet the IMF was
directed toward the sun. The magnetic field polarity (toward or away from
the sun) at the sub-terrestrial latitude on the source surface agreed with the
interplanetary magnetic field polarity observed or inferred at Earth on B2%
of the days. The interplanetary field structure observed at Earth at this time

is finely tuned to the structure of low-latitude fields on the source surface.

The minimum between sunspot cycles 20 and 21 occurred in June 1976.
During the 18 Carrington Solar Rotations beginning in May 1976 the com-
puted current sheet was quasi-stationary, having in each solar rotation two
northward extensions and two southward extensions. This usually produced
the characteristic four sector structure in the IMF observed at Earth (Sval-
gaard and Wilcox, 1975). Occasionally during a rotation one or even both of
the northward extensions of the current sheet "missed” the Earth resulting
in a two sector or even a "zero" sector structure being observed at Earth.
Around sunspot minimum the maximum extent in latitude of the computed
current sheet was about 15°, while by the end of the 18 solar rotations dis-
cussed here the maximum latitude had increased to about 45°. Just after
the time interval discussed here the maximum latitude of the current sheet
increased further and the quasi-stationary structure of the current sheet
began to change, so September 1977 seems a natural point to end the first
interval. Furthermore the original Svalgaard et al. {1978) analysis of the
polar fleld covered this same time period. The structure of the computed
heliospheric current sheet in later portions of sunspot cycle 21 will be dis-

cussed in later sections.

The radial magnetic field computed on a spherical source surface at 2.35
R, for CR 1848 beginning 7 November 1976 is shown in Figure 5-1. The neu-

tral line, corresponding to the zero contour, appears as a thick solid line

Figure 5-1: A contour map of the radial magnetic fleld in the same format as Figure
3-4, but for Carrington Rotation 1648 beginning 7 November 1976. Note that the com-
puted heliospheric current sheet extends only a few degrees in latitude from the
solar equator.
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near the equator. Extension of the neutral line radially outward by the solar
wind defines the current sheet in the heliosphere. This line will henceforth
be referred to as the current sheet. The solid contours above the current
sheet represent field directed away from the sun with magnitudes +1, 5, and
10 microtesla, while the dashed contours represent field directed toward the
sun with the same magnitudes. The predominance of away polarity magnetic
field in most of the northern region of the heliosphere and of toward field in
most of the southern hellosphere is apparent in Figure 5-1. In all cases, con-
tours of the magnetic field refer to values which are not corrected for mag-
netograph saturation. These values should be increased by a factor of 1.8.
The magnitude of the polar field correction is always quoted in units which

are corrected for saturation.

The + {(away from the sun) and - (toward the sun) symbols in Figure 5-1
represent daily polarities of the interplanetary magnetic field at Earth as
observed by spacecraft (King, 1979a) or, when spacecraft observations were
not available, inferred from polar geomagnetic observations (Svalgaard,
1973). The IMF polarities at Earth shown in Figure 5-1 have been displaced
by five days corresponding to the average transit time of solar wind from sun
to Earth near the times when the large-scale magnetic polarity changes (sec-
tor boundaries) as determined by the correlation analysis described in the
previous chapter. Since the velocity of the solar wind near sector boundaries
is almost always a local minimum (Wilcox and Ness, 1985), this transit time is

longer than the average solar wind transit time.

The structure exhibitted in CR 1648 is typical of the structure near min-
mum -- largely equatorial with warps in the current sheet producing 4 sec-
tors near the Earth. CR 1656 beginning 13 June 1977, presented in Figure 5-
2. exemplifies the computed field at the source surface later in this interval.
The extent in latitude of the computed current sheet had increased to about

40°, but the same property of two northward excursions and two southward

Figure 5-2: The same format as Figure 5-1, but for a later Carrington Rotation 1656
beginning 13 June 1977. Note that the extent in latitude of the computed heliospher-
ic current sheet extends to higher latitudes than in Figure 5-1.
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excursions in the current sheet (a four sector structure) was still evident. At
latitudes slightly greater than that of the Earth, only two sectors would have

been observed in either the northern or southern hemispheres.

Figures 5-3 and 5-4 show the computed current sheets and IMF polarities
observed at Earth during the 1B solar rotations in this interval. 1ln every
rotation except CR 1644 there were two northern and two southern exten-
sions of the current sheet, corresponding to a basic four sector structure. In
CR 1645 the computed current sheet was everywhere southward of the helio-
graphic latitude of the Earth, and the IMF polarity observed at Earth was
almost entirely away from the sun. This presumably is an example of the
situation discussed by Wilcox (1972) in which near the last five (now six) sun-
spot minima the observed or inferred IMF polarity has been largely away
from the sun during a few consecutive rotations. If the current sheet simply
“misses” the Earth near the time of a sunspot minimum the resulting
predominant IMF polarity could be either away from or toward the sun
according to the considerations discussed in this paper. A predominance in
away polarity in the observed photospheric field also discussed by Wilcox
(1972) would not necessarily be directly related to the situation shown here
in CR 1645,

Hundhausen {1977) noted that a "monopolar” sector structure as seen in
CR 1645 of Figure 5-3 might appear at the beginning of a new solar cycle.
However, the suggestions that at this time "The prominent recurrent sectors,

streams and geomagnetic activity sequences should end abruptly” and that

Figure 5-3: The heliospheric current sheet computed on a source surface at 2.35 R,
on nine successive Carrington Rotations, 1641-1649, beginning on 30 April 1976 to 4
December 197?. Compare for example the current sheet shown here for Carrington
Rotation 1856 with that shown in Figure 5-2. Each succeeding base line (solar equa-
tor) is displaced by 45 degrees heliographic latitude. The + and - symbols represent
daily values of the IMF polarity observed at Earth allowing for the five day transit time
of solar wind from Sun to Earth. Significant disagreements between the predicted
and observed IMF polarities are indicated with a thicker neutral line. (The first rota-
tion shown in Figure 5-3 is near sunspot minimum.)

Figure 5-4: The same as Figure 5-3, but for the next nine Carrington Rotaticns, 1650-
1658, beginning 1 January 1977 to 7 August 1977. Note that the extent in latitude of
the computed current sheet increases in the later rotations.
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"Recurrence with the 27-day solar rotation period should become rare” are
not consistent with either the observed IMF structure or the computed

current sheets in Figures 5-3 and 5-4.

In CR 1658 the computed current sheet had a clear "four sector” struc-
ture, but was sufficiently far south of the helicgraphic latitude of the Earth
that only two sectors were observed. This appears to be the same geometry
but the opposite sense from the situation in early 1976 described by
Scherrer et al. {1977).

From the start of Figure 5-3 near the minimum of the eleven year sun-
spot cycle to the end of Figure 5-4, 1.5 years later, the maximum extent in
latitude of the computed current sheet increased from about 15° to about
45°. This increase is qualitatively similar to but larger than the average vari-
ation computed by Svalgaard and Wilcox (1978) through the previous four

sunspot cycles.

Burlaga et al. (1981) noted that for CR 1639 and CR 1640, just before the
start of the interval shown in Figure 5-3, a solar dipole magnetic axis tilted
about 20° to 15° with respect to the solar rotation axis cannot explain the
sector pattern observed by Helios. The sector patterns shown in Figure 5-3
and 5-4 during 1.5 years after the rotations discussed by Burlaga et al. {1981)
also cannot be explained with a tilted dipole, as was proposed by Smith et al.
(1978). Villaate et al. (1979), Smith and Wolfe (1979), Zhao and Hundhausen
(1981), and Hakamada and Akasofu {1981)

On most of the rotations during 1976 shown in Figure 5-3 the current
sheet extended more into the southern heliosphere (the case of CR 1644 is
discussed below), which is consistent with the results of Wilcox et al. (1980),
Burlaga et al. {1981) and Villante et al. (1982). The conjecture of Villante et
al. {1982) that the current sheet during the first half of 1977 was confined to
a narrower latitude region is not consistent with the current sheets shown in

Figure 5-4.

In Figures 5-3 and 5-4 intervals of significant disagreement between the
IMF polarity predicted by the computed current sheet and that actually
observed are indicated by a bar attached to the currcnt sheet. We note that

for the most part the daily polarity of the IMF observed at Earth is quite well

100




predicted by the computed current sheet; 1n fact there is agreement on 827
of the days

A conspicuous disagreement is assoctated with the rapid change 1n the
computed current sheet from one rotation to the next at CR :644. This
change in the computed current sheet was caused by the appearance of a
particularly large bipolar magnetic region in the photosphere.  The
corresponding IMF polarity observed at Earth was away on sevcral days dur-
ing which the computed current sheet would lead to a prediction of toward
field It seems possible that there may have been a region of toward mag-
netic field polarity in the heliosphere corresponding to this bipolar magnetic
region, but at a latitude sufficiently far north so as not to intersect the
Earth, but we have no direct evidence for this. This discrepancy is investi-
gated in more detail in a later chapter in conjunction with discussion of the
Mauna Loa coronameter determination of the current sheet That analysis
suggests that the potential fleld configuration for CR 1844 1s incorrect The
zero oflset increases during this rotation. Comparison of the current sheet
calculated here with that shown in the following section with the zero offset
removed shows some moderation of the effects of this unbalanced flux
region, though the change is not great. A similar event occurred near 140°

longitude in the southern hemisphere in CR 1651,

The rather rapid change in the computed current sheet near longitude
zero from CR 1652 to CR 1853 was also caused by the appearance of a large
bipolar magnetic region in the photosphere, but in this case the region
remained in the photosphere for several rotations, and the corresponding

effects on the computed current sheet also continued for several rotations.

In many of the rotations shown in Figures 5-3 and 5-4, the latitude of the
current sheet at the end of the rotation differs significantly from the latitude
at the start of the rotation. This illustrates the advantage gained from com-
puting the field structure on the source surface at steps of 10 degrees in the
starting longitude, since il only one computation were made for each rota-

tion the latitude of the current sheet at the beginning and the end of the

rotation would be forced to be the same.




The Rising Phase — 1976 - 1978

In order to extend the analysis described above, the polar field correc-
tion of Svalgaard et al. (1978) had to be extended, as described in the previ-
ous chapter. The extension naturally divided the available data into three
roughly equal segments characterized by (I) constant polar field strength,
(1) changing polar field strength, and (III) constant polar field of polarity
opposite to that in Interval 1. The correlation analysis described in Chapter 4
indicated that a source surface radius of 2.5 K, adequately represented the
optimum choice for the entire period The zero offset has been removed

from the data for the entire period as well

In order to compare with the calculations described in the last section
and to put the results for later in the rising phase of the cycle in perspective
with Lthose nearest minimum, all of the current sheets from CR 1641 through
CR 1869 computed with these parameters are presented and discussed.
Comparison of the results shown below with the earlier results presented
above show only very small differences This indicates that the uncertainty
in K, of about a quarter solar radius is reasonable. This also shows that
except for CR 1644 the zero offset had litte effect during this period. After
presenting the results for a representative rotation, as in the previous sec-
tion, the evolution of the large scale structure for the interval as a whole will

be discussed.

The contour plot in Figure 5-5 depicts the radial field strength at the
source surface for CR 1665. This magnetic configuration is characteristic of
the heliospheric structure throughout 1978. Once again the daily averages of
IMF polarity measurements made near Earth have been corotated back to
the source surface at the heliographic latitude of the Earth assuming a pro-

pagation time from sun to Earth of five days.

Figure 5-5: The radial field computed at the source surface for Carrington Rotation
1665 is typical of the interval 1978 - 1979. The sector structure at Earth is much the
same as it was near minimum though the current sheet extends to almost 80° lati-
tude.
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There are two extensions of the current sheet north of the equator and
two extensions south of the equator, predicting a four-sector structure at
Earth, similar to the structure shown for the earlier part of this interval. The
magnetic field polarity on the source surface agrees well with that observed
at Earth five days later. The current sheet extends to a latitude of about 60°
in each hemisphere so one would expect that a spacecraft anywhere within
60° of the equator would have observed a four-sector structure similar to
that at Earth. This contrasts with the period near solar minimum in 1976
when the current sheet extended to only about 15°N latitude and Pioneer 11,

at a latitude of 16°N, observed only a single polarity (Smith et al., 1978).

Let us now consider the evolution of the field structure. Figure 5-8
shows the current sheets at the source surface for CR 1641 through CR 1669,
May 1976 through June 1978. The format for each rotation is the same as in
the previous figure except that only the zero contour is plotted {i.e. the locus
of the current sheet) and regions of negative polarity (toward the sun) are
shaded. The frames for each rotation include an additional half rotation
from the previous and following synoptic maps at the ends so that structures
near rotation boundaries can be seen more easily. Most evolution in the
large scale structure occurs slowly, with a time scale of several months. The
basic pattern of two northward and two southward extensions of the current
sheet persists throughout this interval. The locations of maximum latitudi-
nal extent shift only a little in longitude. For example, the northward bulge
of the current sheet near 30° Icngitude, already apparent in rotation 1641, is
present through at least rotation 1670. This corresponds to a persistent
toward polarity structure in the observed interplanetary field. Other

features show much the same longevity with only small, slow drifts in

Figure 5-6: The heliospheric current steets for Carrinrgton Rotations 1641 - 1669 are
shown. Regions of negative polarity arc shaded. Each box shows the labelled rotation
plus an additional half rotatior appended to each side; each box is two rotations wide
so that structures near the ends of a rotatior can be traced more easily. Vertical
lines show rotation boundaries. Horizortal lines derote +70° and the equator. Rota-
tions which include January 1 are labelled ir the center with the year. The latitudinal
extent of the current sheet increases greatly from 1976 to 1978, though the underly-
ing 4-sector pattern in the ecliptic plane persists. Most features can be traced for at
least 10 rotations and show little distortion by differential rotation.




1976-1978

HELIOSPHERIC CURRENT SHEET STRUCTURE:

1655

1656

1657

1658

1659

1660

1661

1662

1663

1664

1665

1666

1667

1668

1669

(

.

Sy

)

)

;

/

)

D

1)

I A\

[\

N

() O M

i

8.6l

1977

P i

A

|

A

(

-

i

)

1341

44 D)

£vgl

144

1342

9r9l

L9l

8v91

6val

0591

1591

2s9l

£G91

1431

360

360




longitude. A permanent marked increase in latitudinal extent and size of the
warps in the current sheet occurs in early 1978 (rotations 1663 - 1665) and

the pattern begins to drift slowly eastward (left).

Each Carrington rotation is 27.28 days long. Features on the sun which
rotate with a synodic period of 27 days will arrive a litlle earlier on each suc-
cessive rotation. This will be observed as a drift to the right of about 3.5
degrees per rotation or about 55° in 15 rotations. For comparison, some
structures in the IMF recur with a period near 28.5 days (Svalgaard & Wilcox,
1975) which would be observed as a rather rapid drift to the left of about 20°

per rotation.

Generally this interval can be characterized by slow changes in the
heliospheric magnetic field. The major change is in the latitudinal extent of
the current sheet. The large scale structure does not in general participate
in differential rotation. Strucltures spanning wide ranges in latitude persist
much longer than expected in light of differential rotation. This has been
noticed before for large scale photospheric magnetic structures {Wilcox et
al.,, 1970), for the green line corona (Antonucci & Svalgaard, 1974) and for

coronal holes (Timothy et al., 1975).

Sunspot Maximum - 1979 - 1980

Near maximum, 1979 - 1980, the field structure was more complex. The
dominance of the polar flelds gradually disappeared and the current sheet
commonly extended to the poles. Figure 5-7, in the usual format, shows the
structure for CR 1879 which is fairly typical of the structure near maximum.
There were two large unipolar regions on the source surface with a smaller

region of the opposite polarity in each. At Earth only two sectors were

Figure 5-7: Carrington Rotation 1879 is shown in the same format as Figure 3-4.
There is a disconnected current sheet rear 270° longitude in the rorthern hemi-
sphere which does not intersect the latitude of the Earth. A two-sector pattern is ob-
served at Earth. Such complex configurations of the current sheet are common dur-
ing the period near sunspot maximum.
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observed. The smaller positive region near 45° longitude was connected to
the positive northern polar region, but did not extend far enough south to
intersect the latitude of the Earth. The main current sheet extended almost
from pole to pole in an approximately north-south direction at 150° and 330°
longitude; spacecraft at any latitude would have seen a change in IMF polar-
ity. The small negative polarity region at 270° was completely disconnected
from the large negative region thus forming a second closed current sheet.
The second current sheet lay in the Sun's northern hemisphere and would
therefore have been detected only by an observer there. The Earth at that
time was several degrees south of the solar equator and so did not see the

effect of this region.

CR 1698, shown in Figure 5-8, is another typical example. Notice that
the polar regions have changed sign by this time in mid 1980. Near longitude
90° a positive region connected to the now positive south pole intersected
the latitude of the Earth and there was a single day of away polarity. A
second current sheet enclosing a positive polarity region, somewhat larger
than the one enclosed by the isolated current sheet in CR 1679, intersected
the latitude of Earth. There was an away sector corresponding to it in the
IMF.

The detailed agreement with Lthe measured IMF polarity is not as good
during this rotation, though clearly the model predicts the large scale struc-
ture quite well The alternating polarities for the days corresponding to long-
itudes 300° to 210° suggest that the southern boundary of the positive region
did not extend quite so far southward. Consideration of each rotation shows

that most of the errors are similar in nature to these.

During the interval ncar maximum, changes in magnetic configuration

occurred somewhat more rapidly, yet individual features last for a long time.

Figure 5-8: After solar polar field reversal the northern hemisphere is predominantly
negative polarity. Carrington Rotation 1698 shows a large disconnected positive field
region in the northern hemisphere around 270° longitude. The south palar region
has become positive. The southern current sheet reaches the equator near 90° longi-
tude and we observe a single day of away polarity at Earth. The sector structure is
essentially two-sector with a predomirance of toward polarity.




g-G 21n31 4

8691 NOILVLOY g
08l 0
S 06
4103
1 1 1 1 1 1 i | 1 1 ZOO

0861 9NV Gl 1MOoLF'SF15'0
94 gz 1V 32V4dNS 324N0S




Figure 5-9 shows the current sheets for CR 1670 - CR 16899, July 1978 through
September 1980, in the same format as Figure 5-6  The polarity of the solar
polar fields reversed near the beginning of 1980 -- about CR 1690. Many rota-
tions exhibit multiple current sheets and often there arc two sheets at the
same longitude. From one rotation to the next the changes are usually
small: a region of magnetic flux may grow a little, shrink a little, drift a little
in longitude or latitude, or connect in a different way with the surrounding
regions of flux. The transition of the polar fields from one polarity to the
other occurs smoothly. Catastrophic changes in field alignments or struc-

ture occur neither near the poles nor at the latitude of the Earth.

Most features can be observed for many rotations and their evolution
can be traced. For example the large positive region clearly visible in CR
1689 centered near 200° longitude can be traced through CR 1717, The small
positive feature that appears near 220° on CR 1694 does not disappear until
at least CR 1712 {sce Figure 5-10 below). The extension of negative polarity
into the northern hemisphere that first expands in CR 1660 at longitude 230°
drifts slowly eastward until it connects to the northern polar region in CR
1682 or CR 1683 The eastern boundary of this region can be traced to CR
1687. The small negative feature clearly visible in the northern hemisphere
of CR 1678 near 300° longitude can be followed from rotation to rotation in
all but CR 1684 until it merges with a larger negative region in CR 1685. The
small region of positive polarity lying across the equator on CR 1674 near 60°
longitude drifts slowly eastward from rotation to rotation. During CR 1681
through CR 1683 it is evident only as a warp in the current sheet, but reap-
pears in CR 1685 through CR 1687 at 360° longitude. During the course of 15
rotations it shifts a total of about 60? castward in longitude, corresponding

to a rotation rate very close to 27.5 days.

Figure 5-9: The evolution of the current sheet near sunspot maximum is shown for
rotations 1670 - 1699 in the same format as tigure 5-6. The polar flelds reverse near
Carrington Rotation 1690. The structure is complex throughout this interval, extend-
ing to the poles through most of the period ard ofter having multiple current sheets.
Many features can be traced for long periods of time. Most structures show less dis-
tortion than would be expected from differential rotation. In spite of the complexity,
Earth experiences slowly varying two and fuur secter structures.
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HELIOSPHERIC CURRENT SHEET STRUCTURE: 1978-1980
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The greatest changes occur during CR 1688 through CR 1692, just at the
time of solar polar field reversal determined from the magnetograph polar
region measurements. The solar field added to our computation at this time
is very small and so has little effect on the overall configuration of the fields.
During these few rotations the positive flux region becomes disconnected
from the poles and seems gradually to move southward, enveloping the
southern polar region completely by CR 1895. This is independent of the
inclusion of additional polar flux; graphs of the solutions with no polar field
correction show essentially the same result. Throughout this interval the
changes near the equatorial plane are small. There are few sudden changes
in the IMF sector structure observed at Earth which often has only two sec-
tors. After maximum the pattern returns to the four-sector structure com-

monly observed before maximum.

The shape of the current sheet changes more rapidly than the pattern of
the large field regicns because of its sensitivity to relatively small changes in
regions where the field is weak. An example of this comes in the changes
from CR 1693 - CR 1697. These rotations look very dissimilar, yet the
differences occur because of the slight strengthening of the polar fields, the
development of the positive region near 100°, and the growth of the negative
channel in the southern hemisphere near 270°. The positive northern struc-
ture near 270° and many of the other strong features persist through this

short interval.

Figure 5-10: This shows the evclution of the current sheet after sunspot maximum
during Carrington Rotations 1700 - 1729. The current sheet becomes much simpler
and the extent in latitude decreases a little. Earth experiences botk two and four
sector structures during this period. Changes in structure occur slowly and many
features again persist for more than a year. Some features experience differential
rotation, while others do not. The structure is simple and almost stationary through
most of 1982,




HELIOSPHERIC CURRENT SHEET STRUCTURE: 1980-1982
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Declining Phase — 1981 - 1982

As the new polar fields strengthen during the beginning of Lhe dechning
phase from late 1980 through :982, the large scale heliospheric magnetic
structure simplifies and becomes more ordered. Figure 5-10 shows the com-
puted current sheets for CR 1700 - CR 1729, Oclober 1980 through December
1982. Through most of 198! the structure resembles the structure observed
in 1978 except that the sign of polar field is reversed. Again there are two
extensions of the current sheet into each hemisphere, but now the south pole

1s positive polarily and the north pole negative.

The large positive polarity region near 270° longitude in CR 1698 con-
nects to the positive south polar region in CR 1700 and moves southward in
succeeding rotations, disappearing by CR 17.9. The large negative flux
region extending from the north pole at at 180° remains strong through CR
1710. This region is apparently undergoing differential rotation and splits in
CR 17:1. The flux region which remains connected to the north pole begins
to die away and by CR 1718 has disappeared. The differentially rotating nega-
tive polarity region in the southern hemisphere merges with another smail
extension of negative flux in CR 1712 near 0°. This new region grows and con-
tinues Lo move eastward at a slower rate, broadening considerably until by
CR 1718 there is only one sector of each polarity. The structure remains
essentially unchanged through most of 1982 (through CR 1726), exhibiting
almost no signs of differential rotation. A four-sector structure seems to be
emerging again in the last few rotations. Throughout this interval the latitu-
dinal extent of the current sheet is very great, extending almost to the poles.

This is very different from the structure near minimum.

Figure 5-11 shows CR 1720 which is characteristic of the simple two-
sector structure during most of 1982. A predominantly two-sector structure

in the IMF has been observed after solar maximum in most of the five

Figure 5-11: In the same format as Figure 3-4, CR 1720 typifies the configuration dur-
ing most of 1982, exhibiting a two-sector structure at Earth arnd charging very slowly
in time.
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previous sunspot cycles according to Svalgaard and Wilcox (1975). The field
regions are very strong, simple, and stable which accounts for the improved

agreement between the predicted and observed IMF polarity.

The four-sector structure which began to appear in CR 1729 strengthens
in 1983. Figure 5-12 shows the continued evolution of the structure through
CR 1744. The configuration of the field changes only a little during the entire
year. The maximum latitude of the current sheet reaches at least 50° for
the entire interval. The negative sectors near 180° and 0° retreat from the
south polar region a little during the year, but remain strong and drift only
slightly in longitude. The postive sector near 90° remains strong through the
year too. The positive sector near 270° appears to grow in strength during
the year. None of these regions seem to be affected greatly by diflerential
rotation even though they extend from 50°N to 50°S. The IMF data for this
interval has not become available to us yet, so there is no way to compare
the predicted and observed polarities. One would expect that the correlation
should be high because of the stability of the structures and the large incli-

nation of the current sheets to the ecliptic.

Summary & Discussion

The heliospheric current sheet reaches high latitudes for much of the
solar cycle. From 1978 through at least 1983 the extent was greater than
50°. The large scale structure of the heliosphere changes slowly during most
of this period. Even near maximum there is continuity for many rotations in
the structure, in spite of the complexity of the photospheric fields. The IMF
polarity predicted by the model agrees fairly well with that observed near
Earth by spacecraft such as ISEE-3 in every interval. This suggests that the

Figure 5-12: During 1983 the field structure evolved slowly. The current sheet pro-
duced four sectors in the ecliptic. The latitudinal extent of the sheet began to de-
crease, but reached more than 50° throughout the year. The large structures con-
tinte from the previous interval (Figure 5-10) through at least the end of 1983.

———— 'j
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potential fleld model, which does not treat rapidly evolving fields accurately,
approximates the heliospheric magnetic structure for this period quite ade-

quately.

The structure of the IMF observed at Earth remains fairly simple, con-
sisting of either four or two polarity sectors. The three dimensional
conflguration of the heliosphere is more complex near maximum. These cal-
culations show that multiple current sheets probably exist in the two or
three years near maximum. The current sheets shown in Figure 5-9 show
that the time of polar field reversal is not one of cataclysmic realignment of
the heliospheric magnetic structure, but rather marks the moment when an

ongoing process reaches a certain stage.

Near sunspot minimum in 1976 the computed heliospheric current sheet
usually stays within 15° latitude of the solar equator. In Figures 5-6, 5-9, 5-
10, and 5-12 one can see the maximum latitude of the current sheet increas-
ing with time and reaching the solar polar regions near sunspot maximum.
After solar maximum the maximum latitude begins to decrease with time.
Presumably the continuation of this process in the current sunspot cycle 21,
ending with a near-equatorial current sheet, will be similar to that reported
in the last years of cycle 20 by Hundhausen et al. (1981) and by Hundhausen
(1977).

That the current sheet extends to such high latitudes over such a large
fraction of the solar cycle suggests that cosmic ray propagation models may
need to take this into account. Jokipii and Thomas (1981) considered the
effect of a simple two-sector current sheet on the solar modulation of galac-
tic cosmic rays by varying the latitudinal extent of the current sheet from
10° to 30° degrees. This study shows that not only is the structure much
more complex, but the extent in latitude is greater than 50° from 1978
through 1983. Comparison of IMF observations taken in the last tew years
with inferred measurements of five previous sunspot cycles (Svalgaard & Wii-
cox, 1975) suggests that the structures observed during this cycle are not
very different from those observed in past epochs. One would expect that

similar configurations of heliospheric magnetic field occur in each cycle.

While a few of the large scale structures shown here exhibit differential
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rotation effects, many of them do not, even though they stretch over great
ranges in latitude. This is similar to the rotation of coronal holes. This sug-
gests that a more fundamental magnetic structure far beneath the photo-
sphere may be rotating rigidly. Discussion of the relationship between the
structures found in this chapter and other measurements of the solar corona

will be conducted in the next chapter.




Chapter 6 -- Comparisons & Applications

The shape and complexity of the heliospheric magnetic fleld vary consid-

erably through the solar cycle. Previous investigations have considered
different parts of the cycle and have used other data. This study provides
the first complete study of the heliospheric fleld for this time interval. Com-

e —

parison with the results from earlier time periods and with the fleld
configurations determined using other methods will be made in this chapter.

Further discussions will address the relationship of the computed field to

other quantities such as coronal holes, solar wind velocity and cosmic ray

intensity.

Comparison with other Potential Field Calculations

Most studies have considered only a few Carrington rotations of data.
The exception is the atlas of potential fields calculated from Mt. Wilson data
published by Newkirk et al. {1973) and Altschuler et al. {1975) and later by
Marubashi & Watunabe (1983) of the interval 1959 - 1974. Covering more that
a solar cycle these computations give an impression of the heliospheric field
similar to the results presented in the previous chapter in the sense that the
fleld is simpler near minimum and extends to high latitudes for much of the
cycle. However those computations did not account for the stronger polar
field and appear to suffer from zero level errors which have not been
corrected. Often from one half-rotation to the next large changes occur both B
in the field configuration and the general level of the magnetic field strength.
This makes it very diflicult to trace the evolution of the fleld from rotation to
rotation. Wilcox et al. (1980) in studying the period near minimum of the fol- |
lowing cycle also used Mt. Wilson data but averaged the data from six Car-
rington rotations to get an accurate stable picture of the field configuration.
Unfortunately they too neglected the polar field correction. These facts sug-
gest that one can be confident in the conclusions drawn from that data only

if the feature manifests itself over a period of several rotations.
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Many authors (see the references in Chapter 3) have studied the helios-

pheric field using the potential field model. Probably the most complete stu-

dies have been those by Levine (1977, 1978) in which a mode! of the coronal
field was calculated for several consecutive rotations during each of three
intervals: the Skylab pericd during the declining phase of solar cycle 21, CR
1801 - CR 1611, the interval near solar minimum, CR 1626 - CR 1634, and near
solar maximum, CR 1668 - 1878. In these studies the emphasis was on the
changing nature of the photospheric source regions of open magnetic field in
the corona rather than on the large scale structure itself. These studies
used high resolution Kitt Peak data and higher order harmonic expansion to
determine the photospheric origins of the open field lines on the source sur-
face. Because Levine's studies provide the greatest number of rotations with

which to compare, the following discussion deals primarily with his results.

What comparison can be made between Levine's results and the results
of this study for corresponding times of the solar cycle? The Skylab period
occured during the later declining phase of the previous activity cycle, a
period which we are just entering in the current cycle. The coronal struc-
ture and the solar wind were dominated by the presence of large coronal
holes which rotated rigidly and evolved slowly. Levine's study showed that
open structures in the corona were almost always associated with coronal
holes or active regions. The results from the present study show that during
the comparable interval, 1982 - 1983, the large scale structure evolved in the
same way; there was little differential rotation and the structure was dom-
inated by a few very strong field regions. As will be shown later in this
chapter, the locations of coronal holes correspond to the highest field

strength regions on the source surface.

Near solar minimum the structures calculated by Levine {1982), CR 1626
- CR 1634, occurred about a year before the beginning of the present study.
Because a source surface radius of 1.8 K, was used, the structures extend to
higher latitudes and show a more complex structure than would be calcu-
lated using a higher source surface radius. Nevertheless, the structures are
relatively simple during this period and extend to latitudes between 30° and
80° degrees. Hundhausen {1977) used coronameter data from CR 1616 and

CR 1627 to infer that the structure resembled a tilted dipole during some of
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the rotations during that interval. Levine's results show that this is a fair
approximation to the fleld configuration during some of the rotations, but
that most of the rotations require a more complex structure including higher

order moments of the field to adequately represent them.

A year later, in 1976, when the present investigation began the field
resembled an equatorial dipole with a significant quadrupole contribution.
Bruno et al. (1982) used coronameter data for this same interval to deter-
mine that the sectoral quadrupole contribution was 177% of the polar dipole
for this interval. This corresponds roughly to the relative magnitudes at the
source surface of the components computed using harmonic analysis. This
may seem a small contribution, but since the Earth remains within 7.25° of
the solar equator this greatly affects the observed IMF structure. Because of
the lack of coronal hole data it is hard to relate open field structures to
coronal holes, but it appears that open regions are not always neccessarily

related to active regions or coronal holes during this period (Levine, 1982).

During the rotations near solar maximum where direct comparison
between the calculations can be made, the two methods predict essentially
the same large scale structure. Discrepancies appear to arise between the
two primarily because of the granularity of Levine's computations {once per
rotation). Near the center of each rotation where each model uses the same
data the agreement is extremely good. Levine also used a polar field correc-
tion during this time interval which was probably too large. The structures
computed by both analyses show the same sort of complexity; the current
sheet extends to high latitudes and there are occasionally multiple current
sheets. Levine's study of the photospheric sources of open field regions
found much the same relation near maximum as for the Skylab period during
the declining phase: coronal holes and active regions account for almost all
of the open flux, although the relation is not quite as strong because of the

smaller, shorter-lived nature of coronal holes near maximum.

Other studies which analyze only a few rotations show much the same
sorts of patterns, although the long term structure and evolution of the field

can only be seen when analyzing many rotations simultaneously.
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Studies of the Current Sheet using ather Methods

Measuring the coronal density provides an alternative method of deter-
mining the coronal structure. Hansen et al. (1974) showed a relation
between coronal streamer patterns observed with the Mauna Loa coroname-
ter and sector boundaries. Howard & Koomen (1974), using 0SO-7 corona-
graph measurements from 1972 and 1973, demonstrated a strong correlation
between the density structures observed in the corona and the IMF pattern
observed at Earth. The assumption is that the density near the current
sheet will be higher since the field in that region is not open to the solar
wind. Therefore when the current sheet lies parallel to the equator at some
latitude a streamer will be seen at the corresponding location in the corona.

Current sheets perpendicular to the equator will produce a fan.

During this period a couple of years past maximum, a four-sector pat-
tern was observed in the IMF. Coronal images in 1972 showed the presence of
two northern streamers spaced 180° apart and two southern streamers also
spaced 1B80° apart, 90° out of phase with the northern streamers. These
occurred at latitudes of .pproximately 40°. If the streamers correspond to
the location of the current sheet, this would result from a structure much
like that observed throughout 1983 as shown in Figure 5-12, a current sheet
extending to high latitudes with two warps north and two warps south of the
equator. Similar structures should be observed during 1977 - 1978 as well.
(See Figure 5-6). Through 1972 and 1973 the coronagraph data predicted
either two or four sectors according to the number and location of the strea-
mers in agreement with the measured IMF polarity. This is very similar to
the evolution of the field in 1982 and 1983 where the fleld evolved slowly from

a two sector structure in 1982 to a four sector structure during most of 1983.

Figure 6-1: A plot of the inferred solar magnetic structure during sunspot cycles 16 -
20. A 26.84 day calendar system starting February 19, 1926 is used. Two successive
rotations are displayed horizontally to aid in pattern recognition. Sectors with fleld
polarity toward the sun are shaded black if they are judged to be part of the four-
sector pattern, and have a dashed shading if they are judged to be part of the 285
day structure. A visual impression of the large-scale solar magnetic features can be
obtained from this figure (Svalgaard & Wilcox, 1975).
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The inferred IMF polarity record extends back to 1926 (Svalgaard & Wil-
cox, 1975). As shown in Figure 8-1, the structure for each of that last 6 sun-
spot cycles shows a similar recurrence period of about 27 during most of the
cycle (this pattern is highlighted in black). Sometimes a superposed pattern
with a recurrence period of 28% days (highlighted in gray) appears. Note
that each column is two rotations wide to show the evolution of the structure

more clearly.

Figures 6-2 show the measured IMF polarity for the current solar cycle
beginning in 1976 and extending through 1982. This is presented in the same
format as the previous figure with a recurrence time of 27 days. The various
recurrence patterns are not highlighted and the columns are only a single
rotation wide. Most of these measurements come from spacecraft, yet com-
parison with earlier cycles shows no significant differences. For comparison
Figures 6-3 show the predicted IMF polarity from the model. Obviously the
general structure is duplicated quite well. The predicted polarity scems
smoother because transient events and evolution of the field structure near
boundaries affect the observed IMF. The similarity of these structures
(representative of the solar equatorial regions) to those of earlier cycles
(derived from the IMF) suggests that the types of structures computed for

this cycle are typical of the structures present in other cycles.

Rosenberg & Coleman (1969) found that the number of days with a given
IMF polarity during a solar rotation depended on the heliographic latitude of
the spacecraft. When the Earth or spacecraft was away from the sun's equa-
tor, an excess of the polarity corresponding to the nearest solar pole was
observed. Svalgaard & Wilcox (1976) used the magnitude of this effect during
several solar cycles to infer the latitudinal extent of the current sheet during

the eight years around the solar minimum. Considering the current sheets

Figure 6-2: The observed IMF polarity from 1876 - 1982. In this figure a 27 day calen-
dar is used and the plot is only one rotation wide. The structures in the current cycle
are similar to those observed in previous cycles.

Figure 8-3: The IMF polarity predicted by the potential fleld model for 1976 - 1983
plotted to the same scale as Figure 8-2. Note the striking similarity of the gereral
structure. Most discrepancies occur near sector bourdaries and on isolated days.
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shown in the previous chapter, it is easy to see how this works near minimum
when the neutral line has a relatively small inclination to the equator. Even
the small latitudinal excursion of the Earth will affect the number of days of
a given polarity during a rotation. During the several years arcund max-
imum the current sheet often has a large inclination with respect to the
equator and does not resemble a simple sine wave which could be used to
predict the maximum extent in latitude of the sheet. In fact the complex
current sheets near maximum often show both highly inclined neutral lines
and neutral lines almost parallel to the equator in the ecliptic during a single
rotation (see Figure 5-9). Recent measurements of the inclination of IMF
boundaries using multiple spacecraft determinations of the minimum vari-

ance direction of the IMF show the same eflect (Behannon et al., 1983).

A method for determining the solar wind velocity from measurements of
interplanetary scintillation (IPS) of distant radio sources was developed by
Armstrong & Coles {1972). The advantage of this technique is that it is not
confined to the ecliptic plane since the radio sources lie in various direc-
tions. The disadvantage is that given the number of sources and their distri-
bution it takes about six months to build up a map of the heliospheric velo-
city distribution and the coverage is complete during only about half the
year, from March through July. This implies that rapidly changing structures
will add noise to the data. During intervals of relatively rapid evolution the

method will determine results only for the average configuration.

The relation of velocity to field strength on the source surface will be
discussed in more detail in the following sections. Suffice it to say, for now,
that a strong correlation exists between field strength and velocity. This is
intuitively obvious from the fact that the current sheet, which has a field
strength of zero on the source surface, always lies in a region of relatively
low solar wind velocity. Coronal holes, on the other hand, tend to occur in
regions where the field strength is a local maximum and are the sources of

high speed solar wind streams.

Sime & Rickett (1978) investigated the solar wind velocity determined
from IPS measurements for the years 1974 through 1977 and found a good

correlation between the regions of low [high] coronal density observed by the
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Mauna Loa coronameter and the regions of high [low] solar wind velocity

Both methods found that from 1973 - 1975 that the high speed regions were

aligned about 30° from the rotation axis. During 1976 and 1977 the equa-
torial region corresponded to both high coronal density and low solar wind i

speed. The high speed regions over the poles were aligned with the rotation i

axis. This is confirmed by the potential field model computations and by the

Mau- * Loa determination of the current sheet

nickett & Coles (1983) have extended these results through 1982, again :
comparing the solar wind velocity with the Mauna Loa current sheet. During
1976, 1978, and 1980 they also compare with the structure found using cur .
potential fleld model. These results have been reproduced in Figure 6-4.
During 1978 there is a good relation among the methods Mauna Loa and the
potential field model find a current sheet near the equator. IP3 data showed S
a minimum in solar wind velocity near the equator and higher velocity far
from the equator In 197B both methods for determing the current sheet
showed a lot of structure extending to much higher latitudes. Since the
method averages over six months no comparison in longitude is really possi-
ble during this interval of more rapid evolution. The velocity data does show
that within the range of latitudes where there is structure, the solar wind

velocity stays rather low. There appear to be no really large streams in 1978.

During 1980 there is really very little structure common to the three ’
methods. This suggests that the field was evolving rapidly near maximum
and the extent in latitude of the current sheet was relatively large. The only
exception is near 270° longitude where the potential field model predicts a
complex configuration including a tube in the current sheet and the solar
wind at that longitude is relatively low The structure in 1982 seems to be

much more established because the IPS and Mauna Loa data show much

Figure B-4: Left panels show scolar wind speed from IPS observations as syroptic maps
averaged over 6 rotations. Heavier shadirg denotes higher wird speed; missing data
is blank. The center column shows cororal electror density. Areas of high dersity
are dark. The right parels show the cororal field computed witk the potertial field
model for a representative rotation. Strong field regions are dark. Alsc compare the
1982 structure with that shown in Figure 5-10.
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more sharply defined patterns. Comparison with almost any of the source
surface configurations calculated for 1982 shown in Figure 5-10 reveals a
remarkably similarity. The structure in 19B2 is beginning to resemble the
that shown in 1974, though not quite as strongly, showing a relatively sym-
metric structure tilted with respect to the rotation axis. The structure

reverts to a four sector structure during most of 1983.

These comparisons show that the structure in the most recent cycle is
not unique. In each c¢ycle near minimum a roughly equatorial current sheet
with a significant quadrupole component would be expected. Early during
the rising phase of the cycle the latitudinal extent of the sheet should
increase until it reaches the polar regions for the year or so around solar
maximum. The time near maximum will be a time of more rapid realignment
of the flelds, especially the shape of the current sheet. Even during this
period one would expect large, strong field regions to be present and to per-
sist for intervals as long as years. During the declining phase the polar
coronal holes should reestablish themselves and bring more order to the
heliospheric field. It appears that the lower latitude fields will also remain
more stable. It will be interesting to see it the "monster streams” of 1974

are observed later in the declining phase of the present cycle.

Solar Wind Velocity

Reference was made in the previous section to the relationship between
magnetic field strength and solar wind velocity. The following analysis will
help to clarify the relation between the computed field and the solar wind
velocity observed at 1 AU. One difficulty in such a study is isolating intervals
when solar activity does not unduly influence the results. Near maximum the
occurence of flares, disappearing filaments and the like affect the solar wind
velocity a substantial fraction of the time. Near minimum, however, the
effects of solar activity are much less. For this reason that time period will

be investigated first.

The first questior to arisc is what quantily derived .r.... the source




surface field to relate to the solar wind velocity. There is an obvious
minimum of solar wind velocity near the current sheet and a maximum
above coronal holes. Possible correlations exist between velocity and the dis-
tance from the current sheet or the magnetic field strength, both of which
are a minimum at the current sheet and increase over coronal holes. The
distance from the current sheet is roughly equivalent to the idea of helio-
graphic latitude dependance during intervals when the current sheet lies
close to the equator, or to heliomagnetic latitude dependance if the field

resembles a tilted dipole.

Zhao & Hundhausen {1981) inferred a relationship V(km/s) = 400 + 1000
sin®A for the period in 1974 when the heliographic latitude of the current
sheet varied sinusoidally with longitude (a tilted dipole configuration). Here
A is the latitudinal distance from the current sheet to the ecliptic. Since the
current sheet was inclined 30° with respect to the equator, as determined
from coronameter data, the Earth sampled a relatively large range in
“heliomagnetic latitude”. Recently this analysis has been extended to the
period near minimum when the current sheet was more equatorial with a
quadrupole warp away from the ecliptic (Zhao & Hundhausen, 1983). IPS
measurements of the velocity at high latitudes were used to deduce the rela-
tionship: V(km/s) = 350 + B00sin?A for [A|<35° and V = 600 km/s for
[N|>35°. They again used the inferred current sheet position determined
from coronal polarization brightness measurements from the Mauna Loa

coronameter.

An immediate problem with using the latitudinal distance to the current
sheet arises when one considers the more complex field configurations com-
mon at other times of the solar cycie. Through most of 1978 - 1983 the
current sheet had a very strong four-sector structure. Hakamada & Muna-
kata (1984) used the current sheets derived in the present analysis to com-
pute the angular distance, A, between the current sheet and the spacecraft
which measure solar wind velocity during the interval from May 1976 through
August 1977. During this interval the current extended to latitudes of up to
about 25° which, when including the latitudinal excursion of the Earth, gave a
range in latitude of +30° for the analysis. Hakamada & Munakata found a

good correlation with the angular distance from the current sheet of the
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form V(km/s) = 408 + 473sin®\, but almost no correlation with the helio-

graphic latitude.

Suess et al. (1977) modelled the acceleration of solar wind in the polar
coronal hole described by Munro & Jackson (1977). Interesting results for
the potential field analysis are an inferred polar ficld strength of 20 Gauss
and the discovery that between 2 R,. where the fleld strength was substan-
tially higher near the center of the corcnal hole, and 5 A, the meridional
gradient of the magnetic field had disappeared. According to the model, by :
AU the field strength was higher near the boundaries of the hole than near
the center. The important result for the present discussion 1s the direct
relationship between the magnetic field strength at 2 #,, equivalent to the
source surface, and the solar wind velocity. According to their coronal hole
model a higher field strength corresponds to a higher solar wind velocity
This suggests the possibility of such a correlation over the whole source sur-

face rather than just over coronal holes.

Figure 6-5 shows the relation between magnetic field strength and solar
wind velocity for the same period as that studied by Hakamada & Munakata
Again there is a great deal of scatter, but the same sort of relation appcars
Especially during this interval when the distance from the current sheet and
the field strength are very closely related, one would expect to see little
difference between the two correlations. The more interesting test will come
near maximum when distance from the current sheet and field magnitude

are not so closely related.

Because the period near solar maximum is so contaminated by activity
related events, a decision was made to study a few rotations in detail rather
than rely on statistics over a longer period to reduce the errors. Figure 6-8

from Suess et al. (1884) shows several solar and interplanetary quantities for

Figure 8-5: a) A scatter plot of daily solar wind velocity vs. source surface magretic
fleld strength for May 1976 through August 1877. The sohd lire shows the results
averaged into bins of magnetic field strength. At least 4 values are required ir each
bin. b) The same for the interval May 1979 through August 198C. The dashed line
skips a bin in which there were less than 4 observations. Note the change in the mag-
netic scale due to increase field strength near maximum.
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CR 1683 - CR 1685. The top panel shows the direction of the IMF for each
rotation. Regions correspending to positive polarity are shaded. The second
panel shows the IMF magnitude. The third panel shows the magnetic field
strength computed on the source surface at the subterrestrial point. Again
the positive polarity regions are shaded and show a very good correlation
with the polarity observed at 1 AU. The fourth panel shows the solar wind
velocity and the bottom panel shows the number density. All interplanetary
quantities have been corotated back to the source surface using the

observed solar wind velocity.

The problem of solar activily becomes apparent when one considers the
IMF field magnitude, solar wind velocity, and density. Intervals which appear
to be related to solar activity have been shaded in these panels. The deter-
mination has been made using the criteria of correlated density, field magni-
tude., and velocity changes in the observed solar wind and their location
within a polarity sector. Each of these events can be traced to solar flares or

flament eruptions, etc.

During CR 1683 a clear relation between field strength and velocity is
visible. There are several coronal holes during this period which contribute
to the high solar wind velocities. The source surface field and superposed
coronal holes are shown in Figure 8-7. Each hole is located in a local max-
imum of field strength on the source surface. The coronal hole located near
90° decays rapidly between CR 1683 and CR 16884. However the configuration
of the heliospheric current sheet does not change significantly. Thus the dis-
tance to the current sheet does not really change, though the field strength
does. This is reflected in the decline of field strength on the source surface.

The decrease in sclar wind velocity is not apparent in CR 1684 unless you

Figure 8-6: Collected solar wind and source surface data for CR 1683, 1684, and 1685
mapped back to the sun. From top to bottom the panels show: IMF polarity, the IMF
strergth, the source surface field strength, the solar wind velccity, and the proton
number density. The shaded intervals, A - E, indicate strong temporal variations.

Figure 6-7: The magnetic field on the source surface for CR 1683, 1684, and 1685. The
contours are at 0, +t0.25, 3, 6, and 9 uT. The locations of coronal holes deduced from
He 10830 photcgraphs are shown in hatched closed contours.
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Figure 6-7
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take into account the activity related event labelled C. The decrecase in velo-
city is apparent at this longitude by CR 1685. See Suess et al. for a more

complete discussion of this interval.

The conclusion is that probably there is too much activity during this
time to draw any firm conclusions. The strongest result is that a minimum in
source surface field strength (sector boundary) usually corresponds to a
minimum in velocity. There is a suggestion of the relationship between max-
imum field strength and velocity demonstrated by the decline in velocity
associated with the decrease in velocity near longitude 90° when activity is
taken into account. Simply using the distance from the current sheet would

not predict this decrease. However this relation remains questionable.

A further relation between the current sheet and solar wind velocity
concerns the propagation of activity related disturbances in interplanetary
space. Flare disturbances and coronal mass ejections generally propagate
outward over a large solid angle. However, there is some suggestion that dis-
turbances occuring across the current sheet from the Earth may be gen-
erally less geoeffective than those occuring within the same interplantary
sector. A confirmation of this has been found in the study of flare
accelerated plasma. Lundstedt et al. (1981 and references therein) have
related the direction of the large-scale flare site field to the effectiveness of
flare acceleration. Specifically flares with a northward directed field direc-
tion are somewhat less likely to accelerate plasma toward the Earth A
further relationship is found when the location of the flare relative to the
current sheet is considered. Flares across the current sheet from the Earth
are less likely to have a detectable signature in the solar wind than those
within the same sector (Merryfield & Hoeksema, private communication,
1983).




Coranal Holes and the Large Scale Field

The relationship of coronal holes to the source surface fields has been
alluded to in the previous sections. Here an attempt is made to describe the
relationship in more detail. Coronal holes were first discovered by Waldmeier
(1957), but were directly observed in X-ray measurcments obtained during
the Skylab experiments. Bohlin (1977a) provides a definition of coronal
holes: “a fairly large-scale, cool, low-density area at low latitudes in the
corona and at the polar caps, encompassing weak, predominantly unipolar
magnetic fields which extend away from the sun in diverging open lines of
force, that give rise to high-speed solar wind streams that cause geomag-
netic storms.” This definition should be expanded to include coronal holes
which do not interact with the Earth, but is otherwise fairly accurate. Later
investigations have shown that coronal heles can be observed from the

ground using He 10830\ measurements.

During the declining phase of the cycle, corresponding to the Skylab
period, coronal holes seem to dominate the structure of the corona and the
solar wind. Near minimum the polar holes are very strong, but rarely extend
to the equatorial regions and so have a smaller effect on the interplanetary
medium. Near maximum the polar holes are absent, but smaller holes occur
at all latitudes. These smaller holes do not last as long as the large holes

during the declining phase which persisted for many months.

Several studies (e.g. Levine 1978, 1982) have used the potential field
model to find the sources of open field regions by tracing the field lines back
to the photosphere. They find that most of the open flux comes from coronal
holes, active regions, and areas that will be or have been coronal holes or
active regions. Coronal hole regions are the dominant contributor to the
interplanetary flux. In the following discussion the relationship of coronal
holes and the source surface field will be explored, specifically as it relates to
the evolution of structures within which coronal holes evolve. Studies of the
source regions of coronal holes are better done with higher resolution data

and computations.

Harvey et al. (1982) published list of 83 coronal holes observed during
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the interval 1975 - 1980 on which they made magnetic measurements. This is
not a complete list of holes, but is representative of this time period and is
not biased by our selection. locations of coronal holes during CR 1663 and
CR 1680 are shown in Figures 8-8 and B-9 by circles containing an H. Holes
with negative magnetic polarity are dashed. The size of the circle
corresponds to the area measured by Harvey et al., but not to the shape of
the hole. Most rotations during this interval contain less than two coronal
holes. CR 1680 is unusual in this sense since it contains 10 identifled holes.
This may be due to some selection effect since it is unlikely that this rotatjon

is really this different than neighboring rotations.

CR 1663 is typical of most of the interval. There is a single isolated
coronal hole. This hole lies at relatively low latitudes and may be in some
way connected to the polar hole. Using the source surface fleld alone the
presence of a hole cannot be predicted; however, given that a low latitude,
positive polarity hole exists during this rotation, the obvious choice is to
locate the hole in the observed location because the field strength reaches a
relative maximum near that longitude. This is generally true; if one knows
that a hole exists in a given part of the sun, the approximate location of the

hole can be predicted from local maximum in the field strength.

This is demonstrated more completely in CR 1680 where there are so
many coronal holes that nearly every poteatial hole location contains a hole
Especially interesting is the positive, northern hemisphere hole at 30° longi-
tude. As predicted from the potential fleld calculation, the associated solar
wind stream does not manifest itself at the Earth even though the hole is
located at only 30° North. In every case the coronal holes appear relata-

tively far from the neutral line roughly located in the region of locally

Figure 8-8: A contour map of the source surface field for CR 1663 with the locatior of
a coronal hole from Harvey et al. (1982). Note that the hole occurs rear a relative
maximum in fleld strength at the given latitude.

Figure 6-9: A similar plot for CR 1680 with the location of several coronal holes from
Harvey et al. (1982). Again the holes generally occur ir relatively high field strength
regions well away from the neutral line. The polarity of a hole always matches the po-
larity of the source surface field. Negative polarity holes are dashed. The size of the
circle indicates the relative size but not the shape of the hole.
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maximum field strength  The southern hole at 75° is a possible exception to
the local maximum fleld strength condition, but lies far from the neutral line

and on a saddle point of the field.

During this interval near maximum, most of the coronal holes listed in
the study persisted for a few rotations before disappearing. One of the long-
est lived being the positive polarily hole shown at 12°N near 180° having an
age of three rotations at this point It lasted for a total of nine rotations,
through CR 1688. Most other holes are identified on nnly a few rotations and
attain a maximum age of 5 - 7 months. It is interesting to compare the
structure observed for CR 1680 with the preceeding and following rotations
as shown in Figure 5-9. The region containing the hole just mentioned can be
traced forward and backward for many rotations if a drift in longitude is
allowed. This hole 15 also shown in Figures 6-7 as are others. The large scale
configuration of the field changes little over these rotations, though the field
strength does  The high field strength regions develop before the
indentification of the coronal hole and persist long after the coronal hole dis-

sipates.

Each coronal hole on the list appears within a polarity regions of the
same polarity as the coronal hole. It would be disturbing if it did not. What
then is the "average" environment into which a coronal hole fits? To answer
this question the holes were divided into four groups: 1) Northern hemi-
sphere, positive polarity holes; 2) Northern, negative holes; 3) Southern, posi-
tive holes; and 4) Southern, negative holes, During the time period covered
by this study the polar field in the north was positive and the southern pole
negative. Figures 6-10 a-d show the field environment into which coronal
holes of each type appear. This is determined by taking the section of the

source surface fleld map surrounding each appropriate hole, aligning the

Figure 6-10: Using the tabulated locations of coronal holes to determine the centers
of regions, the fields surrounding the holes have been superposed to determine the
average cornfiguration of the source surface field near a coronal hole. a) The super-
posed source surface field about 24 rorthern hemisphere, positive polarity coronal
holes. b) The average configuration about 10 positive polarity, southern hemisphere
holes. ¢) The average about 7 negative polarity, northern hemisphere holes. d) The
average about 8 negative polarity, southern hemisphere holes.
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centers of the maps about the coronal hole position, and averaging the field
values at each point of the map. This corresponds to a two-dimensional
superposed map analysis with corona! hole locations providing the synchonoi-

zation times.

The 24 northern hemisphere positive flares make up the largest group of
holes in the list. There are 10 southern hemisphere positive holes, 7 north-
ern negative, and 8 southern negative. It is unclear why there are so many
more positive polarity holes. The location of the hole i1s centered at the
center of the graph. Figure 6-10a shows that the locations of positive north-
ern hemisphere holes coincide with or are a little south of the the maximum
in fleld strength. During most of this interval the strongest fields were found
found at the poles. Since the list considered only low-latitude holes it i1s rea-
sonable for the field strength maximum to be located north of the actual
coronal hole position. Note that since Harvey et al. {1982) found that the
average photospheric field corresponding to the coronal hole locations
increase by about a factor of three from minimum to maximum, these aver-

aged maps become weighted to emphasize the later holes.

The connection to the stronger polar regions becomes more obvious in
Figures 6-10b, ¢, and d. Because there are fewer holes in each of these cata-
gories, the slatistics are nol quite as good, but the trend in each 1s obvious
The southern hemisphere positive holes appear to be parts of larger positive
structures extending to the north. At the latitude of the holes, the field
strength reaches a maximum though it generally increases northward. This
confirms the impression gained from examining the general field structure
that positive regions appear to "intrude" into the generally negative southern
hemisphere and vice versa during this time period. Figure 6-10c demon-
strates this even more clearly for the 8 northern hemisphere negative polar-
ity holes. Again the holes seem to occur at maximum field strength for a

certain latitude, but the general field strength increases to the south.

The map of superposed southern hemisphere, negative polarity holes
shows a structure similar to the previous two cases, but much broader in
longitude and the field strength is higher. This confirms the hypothesis that

these holes are not "intruding” into a "hostile” polarity hemisphere Unlike
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the northern, positive holes, the southern, negative holes do not occur at a
maximum fleld streugth in the latitudinal direction; the field increases
toward the corresponding pole much as it did for the intermediate cases.
This may happen because of the smaller number of holes in this group, but it
suggests that these holes have a firmer connection to the polar holes than to
the northern holes. This question should be studied in more detail with a

complete list of coronal holes.

What is the more fundamental quantity? Large scale structure or
coronal holes? It appears that coronal holc~ arise within a pre-existing mag-
netic structure. A strong, large scale magnetic fleld will usually develop
before a coronal hole appears and remain long after the coronal hole dissap-
pears. This suggests that the large scale field is the more fundamental quan-
tity. This does not mean that coronal holes are not unique structures, it
means that they arise within the context of the larger scale fields. One can-
not yet say why a coronal hole will develop in a given location, in one high
strength region and not in another, but the hole must be viewed as an evolu-

tionary step in the development of a large scale region rather than as an iso-

lated entity.

Cosmic Ray Modulation

Cosmic ray intensity is modulated with an 11-year cycle which
corresponds fairly well to the sunspot cycle. During activity maximum fewer
cosmic rays reach the Farth; near minimum the largest cosmic ray flux is
observed. Svalgaard & Wilcox (1978) suggested that the variation in the
shape of the current sheet may be an important factor in determining the
ease with which cosmic rays penetrate the heliosphere. They determined the
solid angle of the polar field regions averaged over four cycles using the
Rosenberg - Coleman effect (1969). This correlated fairly well with the varia-
tion in the flux of cosmic rays with rigidity > 0.5 GV between 1961 and 1969.
Jokipii & Thomas (1981) were able to model the effects of a simple tilted
dipole configuration of the current sheet on the propagation of cosmic rays.

They found that increasing the tilt of the sheet significantly decreases the
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flux of cosmic rays at Earth. Hundhausen et al (1980) showed a very good
correlation between the area of the polar coronal holes and the Mt. Washing-

ton cosmic ray flux between 1966 and 1976.

Having computed the 3-dimensional structure of the current sheet for
the interval 1976 - 1983, the solid angle of the polar ficld region can be found.
Define the quantity A! = 47 minus the solid angle occupied by the area
between the neutral line and the eguator. Al represents the solid angle of
the polarity region connected to the solar poles within each hemisphere. It
is closely related to the latitudinal extent of the current sheet. Three rota-
tion averages of Al are plotted in Figure 8-11 using a solid line. The obvious
trend is a decrease from solar minimum to solar maximum followed by an
increase thereafter. In addition to the trend, significant changes occur over
short periods which are related to rapid, permanent changes in the latitudi-

nal extend of the current sheet.

Cosmic ray intensity data from the Climax neutron monitor has also
been plotted in Figure 6-11. These cosmic rays have rigidity > 3.03 GV This
data has also been smoothed using a three rotation running average The
cosmic ray data has been lagged by three rotations relative to the source

surface data.

Before sunspot maximum in 1980, the two curves are very similar. Both
the long term trend and the episodic events are reproduced quite well. After
the polar fleld reversal at the end of 1979, the relation does not seemn to hold.
Both the long term trend and the shorter time scale characteristics show a
poor correlation. One possibility is that the reversal of the polar field
changed the dependance of the cosmic rays on the heliospheric
configuration. Jokipii (1981) showed that if particle drift is considcred, then

perturbations in the equatorial IMF are more effective in modulating the

Figure 6-11: The cosmic ray flux and the solid angle of the polar feld regions For
each Carrington Rotation the solid line represents the three rotation average of the
cosmic ray flux measured by the Climax rneutron monitor delayed tkree rotatiors
The dotted line shows for each rotation the three rotation average of 47 minus the
solid angle between the equator and the neutral line. This represents the solid angle
of the polarity region connected to the pole in each hemisphere.
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cosmic ray intensity during cycles when the field over the Sun's north polar
region points inward rather than outward Or perhaps both the cosmic ray
intensity and the current sheet configuration arc related to some more basic
parameter of the solar cycle and the good agreement seen during the rising
phase of the cycle is coincidental. This is somewhat hard to believe because
of the close relationship found by Hundhausen et al. {1980) for most of the
last cycle. In any case this will be an interesting area of further investigation

when more of the cycle can be studied.

Coronameter Data

Coronameter measurements provide one of the few alternative methods
for determining the current sheet configuration in the low corona. The
correlation between coronal streamers and neutral sheet has been used by
Newkirk (1972) and Pneuman et al. (1978). The observations of the current
sheet in the low corona determined from bright coronal structures by
Howard & Koomen {1974} using the techniques of Hansen et al. (1974) have
already been described. Measurements from the Mauna Loa coronameter
have been referred to several times and will be compared with the potential
field model results over a short period in this section, as in the paper of Wii-

cox & Hundhausen (1983).

Photographs of the white light corona are taken each day at Mauna loa
using the K coronameter. The polarization brightness of the coronal is
recorded at a height of 1.5 K,, somewhat lower than the optimum source sur-
face used in the potential field computation. Polarization brightness is the
intensity difference observed for tangentially and radially polarized light and
a maximum in this quantity corresponds to a higher coronal density. From
these photographs a synoptic chart of polarization brightness can be assem-
bled for each of the two solar limbs. The method is described in Hansen et
al. (1974). Hundhausen (1977) related the maximum contour to the neutral

line.

Burlaga ct al. (1981) used this relation to compare the neutrai lines




determined using the potential field model {(PFM) of Wilcox et al., {1980) with
those found from the maximum brightness contour (MBC). Comparison of
individual rotations using Lthe coronameter data agreed better with the IMF
measurements made by Helios | and 1l than did the potential field model cal-
culation made from a 6-month average of the Mt. Wilson photospheric data.
Besides the obvious problem with evolutionary effects over a six month inter-
val, there was a general trend for the computed current sheets to lie at
higher latitudes. In fact the PFM results were in conflict with the high lati-
tude Pioneer 11 data which observed no current sheet above 14°N latitude.
This was likely due to the fact that no polar field correction was made in the

work of Wilcox et al., as pointed out by Burlaga et al.

PFM results for CR 1641 - CR 1858 were presented by Hoeksema et al.
(1982). This analysis referred to individual rotations using Stanford data and
included the polar field correction. The source surface radius was located at
2.35 K, The monopole component has not been removed. Bruno et al.
(1982) presented the the MBC determination of the current sheet for much of
the same interval. Wilcox & Hundhausen (1983) compared the results which
are shown in Figure 6-12. As stated by Wilcox & Hundhausen the figure
“shows that the two methods lead to current sheets with very similar shapes
and with similar amplitude displacements from the solar equator. For five of
the six Carrington rotations to which both methods have been applied, the
two methods are about equally successful in predicting the observed IMF
polarity.”

The major disagreement between the methods occurs in CR 1644 when
the PFM near 100° extends substantially northward. This is unlike the struc-
ture computed for CR 1643 and CR 1645 and conflicts with the MBC result.
The MBC sheet has better, though not perfect, agreement with the IMF

Figure 6-12: For each rotation for which coronameter data was available, the poten-
tial field model results from Figure 5-3 and 5-4 have been reproduced. The neutral
line determined using the maximum brightness contour method is plotted as a
dashed line. In all but CR 1644 the correspondence of the two methods is very good.
(From Wilcox and Hundhausen, 1987). The plus and minus signs show the IMF polarity
measured at Earth.
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polarity at that time. This large change in the field configuration was dis-
cussed by Hoeksema et al. (1982). Figures 6-13a, b, and ¢ show the observed
photospheric fields for CR 1643, CR 1644, and CR 1645. The change in the
computed current sheet was caused by the appearance of an unusually
strong magnetic region in the photosphere. A large bipolar magnetic region
appeared in Rotation 1644 at longitude 120° with predominantly toward
polarity field. The corresponding IMF polarity observed at Earth was away on
several days during which the computed current sheet would lead to a pred-
iction of toward polarity. There are more negative polarity days near 120° in
the IMF during CR 1644 than during either CR 1643 or CR 1645 (see Figure 5-
3).

The MBC neutral line, on the other hand, does not seem to change
between CR 1643 and CR 1644. This suggests that the unbalanced photos-
pheric flux region may be an artifact of the observing method. The agree-
ment of the MBC surpasses that of the PFM for this rotation. However the
MBC misses the negative polarity days near 120°. It seems possible that
there may have been a region of toward magnetic field polarity in the helio-
sphere corresponding to this bipolar magnetic region as confirmed by the
two days of negative polarity observed near 120°, but of a shape somewhat
different than that suggested by either the PFM or the MBC.

A similar event occurred near 140° longitude in the southern hemi-
sphere in Carrington Rotation 1651 (see Figure 5-4). Another rather rapid
change in the computed current sheet near longitude zero from CR 1652 to
CR 1653 was also caused by the appearance of a large bipolar magnetic
region in the photosphere, but in this case the region remained in the photo-
sphere for several rotations, and the corresponding effects on the computed

current sheet also continued for several rotations. Both the MBC and the

Figure 6-13a: A synoptic map of the line-of-sight photospheric magnetic field meas-
urements observed at the Stanford Solar Observatory for Carrirgton Rotation 1643.
Figure 6-13b: Carrington Rotation 1644. Notice the large active region that appeared
in the northern hemisphere near longitude 120°. Figure 6-13c: Synoptic chart for
Carrington Rotation 1645. The size and strength of the active region is greatly re-
duced.
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PFM responded to the presence of this region.

The difference in altitude between the MBC and PFM is not highly
significant. Figures 6-14 and 6-15 show the direction of the computed field at
1.5 R, and 2.49 R,, at the level of the K coronameter observation and just
below the source surface radius. Use caution when comparing these directly
with the current sheets shown in Figure 6-12. These PFM calculations are
plotted in a different projection where the y-axis is linear in sine latitude
rather than latitude. Also these come from a single computation for the 360°
interval, so the field near the edges may not be precisely the same as that in
Figure 6-i2. It is better to compare 6-14 and 6-15 directly since both are
plotted in the same format. Each grid point is marked by a '+’ symbol with a
vector showing the direction of the field The magnitude of the field is not
represented. The contour line corresponds to the zero line of the radial fieid

component.

The main difference between the two is that the lower altitude field
extends to higher latitude than the source surface field. The structure at
lower altitude is also somewhat more complex showing the increased
influence of the higher order multipole fields. The locations where the
current sheet crosses the equator do not change very much; the polarity
predictions in the ecliptic will not be very different. Comparing the struc-
ture at 1.5 R, with the MBC neutral line shows only slightly less similarity
than does the 2.5 R, result. The conclusion is that the structure seen at 2.5
R, is already evident at 1.5 R,. The K coronameter data agrees better with
the PFM field at 25 R,. This may be because the assumption of a potential
field and the assumption of radial field lines at the source surface tend to

artificially increase the altitude at which the computed field lines become

Figure 6-14: The field direction at 1.5 K, for CR 1653 is shown in a format similar to
Figure 3-8. The structure at this height is qualitatively similar to, but somewhat
more complex than the field configuration at 2.5 K,. The coronameter measure-
ments were made at this altitude.

Figure 6-15: The field direction just below the source surface at 2.49 R, for CR 1653.
The structure extends to lower latitudes and is somewhat simpler than that shown in
Figure 8-14. The fleld is almost entirely radial at this height.
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open to the interplanetary medium relative to the actual coronal field lines.

This deserves study over a larger portion of the solar cycle.

For comparison Figure 6-16 shows the field computed at 1.1 R,, very
near the photosphere. The structure at this altitude is extremely complex
and it would be difficull to infer the simpler structure predicted by the MBC
or the PFM at the source surface. Most of the field lines close and the struc-

tures simplify betw_en the photosphere and 1.5 R, .

One hope for further study is the comparison of coronameter data with
the PFM results during other parts of the cycle. Unfortunately, one of the
problems with the coronameter data is that near maximum the structure
becomes much more complex and the current sheet location is difficult or
impossible to determine. This is true because of the increased level of
activity. The occurence of transient events makes the interpretation of
coronameter data very difficult. Especially near maximum when the latitudi-
nal extent of the current sheet is so high and the polar fields are weak, it
would be good to have an independant measurement of the extent of the
current sheet. We should also seek confirmation of the isolated current

sheet regions found near maximum.

Other Probes of the Heliosphere

A few spacecraft have travelled to latitudes different from that of the
Earth. Interesting comparisons can be made when several spacecraft meas-
ure the IMF at different latitudes simultaneously. Such a comparison will be
described in the present section. Comets presently provide the only direct
high latitude probe of the heliospheric field. Disconnection events (DEs) in
comet tails can be related to the passage of sector boundaries {Niedner &

Brandt, 1978, 1979, 1980). We will compare our results for the configuration

Figure 6-18: The structure at 1.1 K, is highly structured and the field direction
varies greatly, reflecting the more of the complexity of the photospheric field.
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of the field with those of Niedner {1982) derived from DEs

The two Helios spacecraft orbit the sun and often have latitudes
different from each other and d.flerent from the Earth. This provides the
opportunity to get a better determination of the heliospheric field
configuration, even though we are still limited to a band +7.25° from the
equator. Villante et al. (1979) published the Helios data for the interval Janu-
ary through May, 1978. Since Stanford data was unavailable for this period,
Mt. Wilson data for the six rotations was averaged and the potential field was
then computed. Figure 6-17 and 6-.8 from Wicox et al. (1980) shows the
result for these six rotations. The IMI” polarity mecasurements ‘rom Helios
have been corotated back to the source surface and plotted at the
corresponding latitude and longitude. The latitude of Pioneer 11 which
observed a single polarity at 16°N (Snuth et al, 1978) is marked by the hor-
izontal dashed line. As pointed out by Burlaga et al. (1981) who laler made a
comparison of the Helios data, the potential field model, and the coroname-
ter results for this same interval, the extent in latitude is too great, probably
due to the omission of the polar ficld correction. This would not substantially

affect the field near the equator where the Helios spaccceraft travel.

The quality of the agreement with the data with both the Helios and
Earth data is quite good. These observations support the view that the large
scale structure of the warped heliospheric current sheet can be computed
from the observed photospheric magnetic field. This is in contrast to the
"ballerina skirt" model current at that time which attributed the origin of

the IMF structure to a simple plane which would then be slightly distorted by

Figure 6-17: The curved line represents the current sheet for five rotations from
January 20 through May 23, 1976 calculated from Mt. Wilson photospheric data. The
polar fleld correction was not made so the latitudinal extent of the sheet was too
great. The dashed line at 16°N represents the approximate latitude of Pioneer 11 at
4 AU which observed only positive IMF polarity. The plus and minus signs represent
the IMF polarity measured at Helios 1 and 2 projected back to the solar corona. The
observed polarities agree well with the the computed fleld.

Figure 6-18: The same as for VFigure 6-17 except that the plus and minus sigrs
represent the inferred IMF polarity at the Farth mapped back to the source surface.
The abserved polarity charges occur near crossings of the computed current sheet.
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dynamic processes in the solar wind (e.g. Smith & Wolfe, 1979). Near
minimum it was harder to distinguish between the two, since both models
predicted a planar sheet with relatively small warps. However near max-

imum the distinction became clear.

Niedner (1982) used 72 disconnection events (DE) in comet tails
observed since 1B92 to investigate the latitudinal extent and the tilt proper-
ties of sector boundaries. He found a rough agreement with the latitudinal
extend of the current sheet as extrapolated using the Rosenberg-Coleman
eflect (Svalgaard & Wilcox, 1976). However the sector boundary tilt angles
(i.e. the inclination of the boundary with respect to the equator) was
significantly more meridional and less ordered than would be expected for a
simple sinusoidal current sheet configuration. In probing this question, it
was found that two sorts of sectors exist, those which were extremely lati-
tude dependant and those which were not. These would exist at the same
time. This led Niedner to suggest that the simple sinusoidal, nearly equa-

torial current sheet was an oversimplification.

The computed current sheets presented in this study confirm this suspi-
cion. Near minimum the current sheet is nearly equatorial and sinuscidal.
During most of the cycle, however, the current sheet reached to much higher
latitudes and is certainly not sinusoidal. At different longitudes during the
same rotation the current sheet may be highly inclined to the equator and
nearly parallel. Behannon et al. (1983) confirm this in a study of boundary

inclinations using spacecraft magnetic field measurements.

The potential field model calculations presented in Chapter 5 help to
interpret many other observations and lead to new insights. The discussions
in this Chapter have shown the relationship of the current results to those
for other solar cycles determined in a variety of methods. The structures
observed during solar cycle 21 are much like those to be expected in any
other cycle. The following chapter tries to use these results to come to a

broader understanding of the relaticniship of the large scale field to the solar

cycle.
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L Chapter 7 -- Multipoles & Discussion |

Often the heliospheric field can be characterized by its lowest order
multipole terms. During 1973, for example, the field resembled a tilted
dipole (Hundhausen, 1977). Near minimum the field could be characterized
as a dipole field with a quadrupole distortion {Bruno et al. 1982). This sug-
gests that an interesting alternative way of looking at the field is in terms of
the multipole components derived in the potential field computation. That
analysis will be described in this chapter and related to other discussions of 4
the fleld in terms of its components. This is especially interesting when con-
sidering the reversal of the polar field rear maximum. Later sections will 'l
consider the rotation of the coronal field and the large scale photospheric

sources of the coronal field.

Multipole Components

The g and h coeflicients indicate the relative contributions of the various

multipole moments to the field. The expression for the radial field strength, !
B,., depends on the associated Legendre polynomials, the g and h coefficients
and on a term which varies with radius (see Equation 3-1). In order to com-

pare the importance of the various multipoles the g's and h's must be nor- -

-1
malized by 1/ V2l +1 and adjusted by the factor ::12 +1- ;.2“1

K, must be expressed in units of solar radii. The normalization must be done

where r and

in order to compensate for the form used for the associated Legendre poly-
nomials. The radial term arises because the dependance on distance varies
with I. The terms from outside the source surface give the dependance on
positive powers of r; the dependance on negative powers of r comes from the

sources within the photosphere. The following table gives the factor by which

each g and h coeflicient must be multiplied for intercomparison at quarter

R, intervals between the photosphere and the source surface located at 2.5

R,. The comparison factor is independant of m, Lthe order of the harmonic.
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Radius

1] 100 1.25 1.50 1.75 2.00 2.256 2.50

0 | 1.0000 0.6400 0.4444 0.3265 0.2500 0.1975 0.1600
11 1.1917 0.6282 0.3791 0.2524 0.1813 0.1383 0.1109
2 | 1.3508 0.5810 0.2788 0.1591 0.1022 0.0730 0.0572
3| 1.5137 0.498% 0.2033 0.0978B 0.0547 0.0356 0.0271
4 | 1.6670 0.4376 0.14v5 0.0599 0.0288 0.0168 0.0123
5 (18091 03795 0.1062 0.0366 0.0151 0.0078 0.0054
6 | 1.9415 0.3258 0.0758 0.0223 0.0079 0.0036 0.0024
7 | R.0656 0.2772 0.0538 0.0.35 0.0042 0.0016 0.0010
8 | 2.1828 0.2344 0.0379 0.0081 0.0022 0.0008 0.0004
9! 22942 0.1971 0.02865 0.0049 ©0.0011 0.0003 0.0002

For example, to compare the field strength due to the dipele term and
the quadrupole terms at the source surface, the dipole coeflicients must be
multiplied by 0.1109 and the quadrupole coeflficients must be multiplied by
0.0572.

Most of the field comes from within the inner boundary at the photo-
sphere. The photospheric fields determine the evolution of the corcnal field
as well. The structure at the source surface is observed through the outer
heliosphere {subject to dynamic changes in the solar wind). The following
discussion compares the multipole contributions at the source surface, since
at that point the fleld configuration is frozen into the plasma and the relative
contribution of the multipoles does not cl.ange with distance. However, it is
important to realize that the physical source of the field lies within the sun
where the relative magnitudes of the multipoles are rather different, espe-

cially for the higher order terms. This will be a matter for future study.

The relative contributions to the field strength at the source surface for
the first three multipoles, the monopole, dipole, and quadrupole terms, are
shown in Figure 7-1. These are scaled in microtesla and indicate the max-
imum field value which would be cbserved far from a node in each multipole.
Each curve is plotted on a scale from 0 to 20 uT and shows the total contribu-

tion for all values of m. For example, the dipole component, =1, includes
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the contribution from both the polar and equatorial dipoles. During most of

the interval the polar dipole is the largest component.

Near minimum the dipole term dominates the other multipoles. The
quadrupole has an amplitude of about 1 uT compared with an amplitude of
about 6 uT for the dipole term. Thus the quadrupole field is about 17% the
magnitude of the dipole. During this interval almost all of the dipole contri-
bution comes from the polar component. The sectoral component is the
largest quadrupole term during this period. This confirms the relation found
from the Mauna Loa K coronamecter data by Bruno et al. (1982) who deter-
mined that the sectoral quadrupole term was about 17% of the magnitude of
the polar dipole. The relative contributions of the various dipole components

will be discussed later

Near the beginning of 1978 the strength of the dipole field begins to
decrease and the other muitipoles begin to increase. While the dipole is gen-
erally the strongest component, it does not really dominate the fleld
configuration at the source surface during most of the several years around
maximum. Occasionally during 1979 and 1980 the quadrupole component is
somewhat larger. The dipole does dominatle during much of 1982, but fades
for much of 1983 This curresponds to the evolution from the strong two sec-
tor structure observed during most of 1982 to the four sector structure
which began tu develop near the end of 1982. The plots of the source surface
field configurations for individual rotations in Figures 5-10 and 5-12 demon-

strate this

The origin of the monopole term has been discussed in some detail in
Chapter 4. Except for brief periods atiributable to rapid evolution of the
photospheric field, the monopole is much smaller than the other strong

terms.

Figure 7-1: The magnitudes cf the I=C (mcropole), I=1 {dipcle), and I=2 (quadrupocle),
components of the magretic field at the source surface. This shows the relative con-
tribution of the multipcles to the heliespheric field configuration. The value is com-
puted each ten Carrington degrees. Near minimum the dipole fleld dominates, but
near maximum the quadrupole comporert has a comparable magritude. The contri-
bution of the monopcle (zero offset) has beer removed frem the scurce surface field.
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The oclupole term, shown in Figure 7-2 cannot be neglected around
maximum. In early 1979 its magnitude is comparable to the dipole and qua-
drupole terms. Each figure is plotted to a different scale, Figure 7-2 going
from 0 to 5 uT. The fields due to higher order multipoles, shown in Figures
7-2 and 7-3, contribute very little to the total field at the source surface. The
panels in Figure 7-3 extend only from 0 to 0.2 uT. Examination of the com-
parison factors in Table 7-1 reminds us that at the photosphere the contribu-
tions of the higher order terms will increase relative to the lower order

terms by factors of several hundred, and so will be very strong at the solar

surface.

Each term, with the exception of the dipole term, increases in magni- 3

tude from solar cycle minimum to maximum. Some time after maximum
these terms begin to decrease slowly. The dipole component reaches a
minimum in its average value in 1980, near maximum. This can be explained

by the decrease and reversal of the polar fleld. The coeflicients presented

include the polar fleld correction which adds to the polar dipole component.

The same dependance on solar cycle of the dipole term is seen if the polar
fileld correction is not made, though not as strongly. The total flux at the i

source surface increases dramalically near maximum due to the increase in i

the higher order multipoles.

Figure 7-2: The relative contributions of the I=3, octupcle, (=4, and [=5, multipcle ¥
components at the source surface. Note the change in scale from Figure 7-1. Except |
for the octupole, these comporents contribute little to the large scale configuration
of the heliospheric fleid.

Figure 7-3: The contributions of the =6, 7, 8, and 9 components. The scale here has i
again been expanded. Every comporent increases in magnitude near maximum. .
While these multipoles contribute little to the source surface fields, they are the dom-
inant components of the phatosptheric feld.
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The Dipole Components

Because the dipole has so often been used to characterize the helios-
pheric fleld, the following discussion deals with the individual dipole com-
ponents. The analysis already presented demonstrates that during the
several years around maximum an equivalent or greater share of the total
flux comes from higher order multipoles. Even near minimum the higher
order terms affect the Earth because it is so close to the equator. Near max-

imum the higher order field contributions would be evident at any latitude.

Figure 7-4 presents the values of the dipole components computed each
10° from 1976 through 1983. The top panel shows the polar dipole com-
ponent. It shows a roughly constant magnitude for the year and a half after
minimum followed by a gradual decline through 1978 and early 1979. For
most of 1979 and 1980 the polar dipole remains essentially zero The new
polar fields (of opposite sign) regained strength gradually during 1981 and
stayed roughly constant through 1982 and 1983 at a slightly lower strength
than the minimum era field. If no polar field correction were made, the field
strength near minimum and after 1981 would be somewhat lower and the
polar component near maximum would be somewhat more erratic, but the

general characteristics of the field would remain the same.

The equatorial dipole is sinusoidal in character. This is because only the
h,, term has been plotted. The other equatorial dipole is identical except
that it is out of phase by 80°. The g,; term is slightly more noisy because it
bas maximum amplitude at the point on the sphere where the "seam" occurs
180° from the center of the data window, therefore the h's are generally less
noisy. With time the equatorial dipole points toward Earth, then perpendicu-

lar, then away, producing the sinusoidal shape. The envelope of the wave

Figure 7-4: The polar and equatorial dipole components of the heliospheric field. The
polar dipole decays and reverses sign near solar maximu:a, growing in magnitude
during the declining phase. The equatorial dipole shows modulation due to solar rota-
tion. The envelope, corresponding to the magnitude of the equatorial dipole, ap-
parently evolves independantly of the polar dipole. The equatorial dipole is the dom-
inant component during most of 1982.




SLIN3INOdWOI 310d1d 8V10S

y=( 9andT4
09€:EY41 1D 00Z:1%91 19
; — A ] UL _ _ _ HHLLTT
:::_ UEUNUUY JUUEN .____:_:___. i
| -
€861 286l 1861 086l 646l 8.6l  LL6)

0

N

88 11401VNO3

dv10d

0

N

177




indicates the magnitude of the equatorial component.

Near minimum only a small equatorial component exists. The com-
ponent first begins to grow in mid 1978. The amplitude of the component
varies substantially from 1979 through 1983. The modulation does not
appear extremely regular, though a periodicity of a little under 2 years may
be present. This could correspond tc a beating of two (or more) structures
rotating at slightly diflerent rates. The results of an FFT power spectrum
analysis are shown in Figure 7-5. The peaks are labelled by the synodic
periods corresponding to the frequencies obtained. The largest peaks occur
at 27.0 days and 28.2 days. These are suggestive of the recurrence times
found in geomagnetic activity and in the polarity structure of the IMF (Sval-
gaard & Wilcox, 1976). The significance of these rates is not clear. Are there
two equatorial dipole structures rotating with different periods on the sun
over a substantial fraction of the solar cycle? The discovery of these periods
in the inferred IMF polarity over the last several sunspot cycles may support
the reality of such a conjecture. Alternatively, active longitudes located at
different latitudes having different rotaticn rates could also contribute to
such a signal, althcugh a 27 day period corresponds to the rotation of the
photosphere only at the equator where there is little activity. The lifetimes
of at least a year for the wiggles in Figure 7-4 preclude the correspondence
of the equatorial dipole to individual active regions. Other modes show simi-
lar amplitude modulations, though with different periods. The location of the

flelds producing the patterns is unclear.

Schulz (1973), Antonucci (1974), Saito et al. (1978 and references
therein), and others have characterized the reversal of the polar fields in
terms of a rotating dipole. Near solar minimum the dipole is alighed with the
rotation axis. Rotating slowly, the dipole becomes equatorial near maximum
and finally approaches the rotation axis again near the following minimum,

but pointing in the opposite direction. Having computed the field

Figure 7-5: The power spectrum of the equalorial dipole. The amplitude modulation
of the equatorial dipole suggested beating between two periods. The FFT shows that
power exists at 27.0 and 28.2 days and to a lesser degree at 27.5 days. No other peaks
in the spectrum approach the magritude of the peaks shown here.




. e o - T T —— J—— e —— Y - e S

G~( @and14

(,.s921bap uojbuliie)) ADNINODINS

,.Bep . O1x0'€ ,.Bap . Ol xv'T
T T T T T T T 0
: !z
—
>
- . =
< o
m =
- ] T
O
" . =
m
A
1 1 1 1 1 1 1 ] 1 ] ! 0OGl j

| |
kep 0’z Aep '8 |

3710d1d 1vid0olvNnod3 40
WNY1023dS 43MO0d




components from 1976 through 1983, the direction of the dipele field can be
computed easily. Figure 7-6 shows the angle between the rotation axis and
the dipole field, determined by finding the arctangent of the ratio between
the magnitudes of the polar and equatorial dipole components. The angles
shown in Figure 7-8 have been averaged over complete Carrington Rotations.
The curve shows that the dipole angle remains near 90° through early 1978
and then decreases rapidly to 0°, remaining near 0° for a year beginning in
early 1979. In mid 1980 the angle rapidly jumps to about 60° where it
remains until near the end of 1983. The direction of the field varies substan-

tially after 1980.

Does the dipole rotate? The behaviour of the dipole between 1976 and
1979 could support the rotating dipole concept (ignoring for the moment the
other components of the field which have been shown to be roughly
equivalent to the dipole near maximum). The polar dipole gradually decays
and the equatorial dipole gradually gains in strength. The orientation of the
dipole moves slowly from 90° to the equator. After 1980, however the orien-
tation changes rather erratically, depending more on the apparently random
fluctuations in magnitude of the equatorial dipole than on a regular relation
between the two components. This is shown by the continual gradual
increase of the polar dipole component and the varying magnitude of the
equatorial component, The total power in the dipole varies too. This sug-
gests that the two components are really unrelated. The equatorial dipole
participates in the general increase of lower latitude fields taking place
around maximum. The polar dipole simply decays between minimum and

maximum and grows in the opposite direction after maximum.

This is rertainly true of the photospheric fields which do not show the

same large scale organization observed at the source surface. As will be

Figure 7-6: The direction of the dipole field with respect to the rotation axis comput-
ed from the polar and equatorial components. Near minimum the dipole is aligred
with the rotation axis. During the rising phase the dipole appears to rotate since the
equatorial component grows as the polar component decays. After maximum the
direction of the dipole varies greatly suggesting that the two components are actually
independant.
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shown in a following section, the polar fields of the new cycle first appear at
mid latitudes early in the cycle and gradually spread to the poles. One can
still ask the question of whether the hsliospheric field can be accurately
described as a rotaling dipole, independant of whether it is truly a rotating
dipole. From Figure 7-6 alone the answer would be yes. The angle of the
dipole component rotates from north to south during the cycle reversing at
maximum. However, the real answer to this question depends on the magni-

tude of the other multipole components.

Reconsideration of Figure 7-1 shows that for much of the period around
maximum the dipole term does not dominate the structure of the helios-
pheric fleld. Indeed during much of 1979 and 1880, when the dipole is revers-
ing, the other components contribute more of the flux. Looking at the field
configurations shown in Figure 5-9, the structure appears rather complex.
There were rotations when the fleld resembled a dipole, e.g. CR 1682 or CR
1892, but during most rotations there was a great deal of structure at a wide
range of latitudes, often forming four sectors in the equatorial plane. The
north polar region became negative and south became positive at about the
same time; by nature this tends to resemble a rotating dipole, but for most

rotations that description is to simple. For this reason the heliospheric field

can not be characterized as a rotating dipole, at least during the present

solar cycle. Except near solar minimum, the dipole clearly dominated the
structure of the fleld only during 1982 and that was due to the strength of
the equatorial dipole which, if the dipole were actually slowly rotating from

north to south, should have been decreasing during that interval.

Most of the observations used to infer the presence of a dipole have been
taken during the decling phase of the sunspot cycle when a two sector struc-
ture in the IMF polarity is commonly observed at Earth. The observations
have generally depended on low latitude measurements. During periods
when the dipole component is strong, as in 1982, the Lilt of the dipole cannot
be reliably determined using low latitude measurements. It was near the end
of the last cycle when a dipole tilted at 30° was observed in the coronameter
data (Hundhausen, 1977). The situation observed in 1982 was very similar
having a dominant dipolar field inclined 50° to 60° to the pole. While the

tilted dipole description is appropriate during some parts of the cycle, the
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fact remains that during most of the cycle the dipole description is not ade-

quate in the ecliptic plane and during much of the cycle at higher latitudes

Multiple Current Sheets

The higher multipole components contribute to the complexity of the
heliospheric fleld structure. Second current sheets enclosing isolated polar-
ity regions are not uncommon near maximum. Examples occur in CR 1674,
CR 1679, CR 1686, and CR 1698. During some rotations, as in CR 1679, these
structures do not interact with the FEarth; on other occasions, as in CR 1698,
they do. In the interplanetary medium these will produce smaller sectors
limited to a narrow range in latitude as well as longitude. The inclination of
boundaries observed near such sectors will depend sensitively on the loca-
tion of the observer relative to the location of the sector. This has special
significance with regard to using the effect of Rosenberg & Coleman {1969) to
infer from the inclination of boundaries the latitudinal extent of the current
sheet. The fleld configuration in a rotation such as CR 1698 (see Figure 5-8)

would give misleading results.

The magnetic regions enclosed by separate current sheets do not
appear randomly. In each case the strong field region at the center of the
isolated region can be seen for several rotations before and after the second
current sheet forms and disappears. A good example is again the large
region in CR 1698. Easily visible in CR 1692 when it was connected to the
positive south pole, the area south of the strong field region weakened during
CR 1695 and CR 1696, causing the formation of a separate current sheet dur-
ing CR 1697 - CR 1699. The region reconnected to the positive south polar
region in CR 1700 (see Figure 6-10) and gradually weakened thereafter. The
evolution of other separate regions may not last over such a long period, but
in each case is due to a strong field region becoming isolated because of the

disappearance of the weaker field region surrounding it.

This stability even for smaller regions surrounded by opposite polarity

areas reinforces the impression that the large scale features evolve slowly.




Even during maximum when active regions seem to dominate the photos-
pheric field configuration, the large scale features evident in the corona have

life times from months to years.

The Reversal of the Polar Field

It is difficult to conceptualize the reversal of the polar field, partly
because of the format in which the flelds are typically shown. Figure 7-7
shows a cartoon of the smooth evolution of the fields from minimum through
maximum in two projections. The panels on the left show the field
configuration in the standard format. The right hand panels show the same
fleld configurations but projected as might be seen from the north pole.
Actually the southern hemisphere is shown as well. The south pole is the
outer circle, the inner circle represents the equator, and the north pole lies
in the center. The perpendicular lines divide the sphere into the same qua-

drants shown in the left hand panels.

The evolution of the fields is shown from frame to frame as the current
sheet progresses from a simple, low latitude four sector structure near
minimum as through the CR 1660's, to a similar, non-symmetric high latitude
structure observed in the CR 1670's. The fourth frame shows the high lati-
tude, complex structure typical just before polar reversal during the CR
1680's. During the CR 1690's the current sheet extends from pole to pole and
gradually sweeps across the polar regions as the polar fields change sign.
The field settles down to a more simple structure as shown in the last frames
which are representative of the CR 700's and CR 1710's. Each frame has

been drawn to be characteristic of the rotations during the indicated

Figure 7-7: The panels at the left show the evolution of the field configuration before
and after maximum in the standard projection. Each frame typifies the field struc-
ture for the indicated rotations. The panels at the right show the polar azimuthal
equidistant projection of the same field configuration. This illustrates the smooth
evolution of the current sheet in the northern hemisphere from minimum through
maximum and the beginning of the declining phase of the cycle. The arrows suggest
the movement of the neutral lire.
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interval Compare these with the field structures displayed in Figures 5-6, 5-

9, and 5-10. The details can be adjusted to match the actual patterns com-

puted for this time period.

- The polar projections show the evolution of the same flelds from a
diﬂereht perspective. While the polar field reversal may seem sudden when
viewed in the standard way, the polar projection reveals that the motion of
the current sheet near the polar regions is smooth and predictable even near

maximum.

Coranal Rotation

The description of the field made in Chapter § emphasized the lack of
observed differential rotation in the coronal structures. To investigate this
more systematically, an autocorrelation has been made at each latitude. A
maximum in the autocorrelation occurs for each latitude about one rotation
later. The rotation rate found for each of the 30 latitude bins in degrees per
day plotted in Figure 7-8 as plus symbols. The solid line is the best fit to the
observed data. Also plotted are the rotation rates observed for coronal holes
(dot-dashed, Bohlin, 1977b); solar features {dotted, Bohlin, 1977b) such as
prominences, coronameter enhancements, magnetic fleld patterns, white
light and 5303 enhancements (PCMF); and the recurrence rates for long-lived
sunspots (long-dashed, Newton & Nunn, 1951). There is a smooth curve of
rotation rate vs. latitude for the coronal structures, but the coronal
differential rotation is much smaller than that of the sunspots or magnetic
features. Fitting these data to a function of the usual form, the relationship

Rotation ( degrees/day) = 13.2 - 0.5 sin%p is found. This is very similar to the
y

Figure 7-8: The diflerential rotation curves for various solar features. The long
dashed line shows the Newton and Nunn (1951) curve for recurrent sunspots; the dot-
ted line shows the synodic rotation rate for photospheric features (Bohlin, 1977b); the
dash-dot line shows the rotation ~f coronal holes (Bohlin, 1977b); and the solid line
the best fit rate of the coronal fields determined in this study. The plus symbols show
the actual rates determined from the autocorrelation analysis. Each curve has an er-
ror of approximately 0.1 degree/day.
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rotation rate of coronal holes (Timothy, 1975; Bohlin, 1977b) or the coronal

green line structures (Antonucci & Svalgaard, 1974). The field at the source

surface rotates less differentially than the large scale photospheric field.

Fisher (1982) studied the rotation rate of coronal features observed with

the Mauna Loa K coronameter during 1980 and 1981. During this interval he 1
found that the polar region and equatorial region fields rotated with a period
of about 28.0 days. The active region latitude flelds rotated with a period
near 27.6 days. These results are not confirmed in the present study. This
may occur because of the different time intervals of the two studies. The
present analysis includes the entire interval from 1976 throught 1983. The &
rotation rates may vary during the cycle as different latitudes contribute

varying fractions of the flux making up the coronal fleld. If the alititude
difference of the two methods is significant, the coronameter data will tend
to be more sensitive to the smaller scale field which would tend to partici-
pate more in the differential rotation of the photospheric field. Sheeley &
Harvey (1981) found a rotation rate of 28.0 days for high latitude coronal

holes observed before 1979 This is in better agreement with the present
data. In the next section the photospheric sources of the coronal fields are

sought.

Photospheric Sources of the IMF

pry

The life times of the large scale structures are much too large to be

related to individual active regions. Yet the photospheric fields are the 4¥
source of the long lasting coronal features. In this section two metheds for
finding the sources of the coronal structure will be used. The first attempts J
to find the latitudinal distribution of the photospheric field by computing the
longitudinal average of the field at each latitude for each Carrington rotation
and making a contour plot of the resulting map which shows the evolution in
time of the latitude structure of the field. Similar analysis has been done for
the Mt. Wilson data (Yoshimura, 1976a, b, Howard & LaBonte, 1981) and for
the early Stanford data (Hoeksema et al., 1980). The second method tries to
determine where a sector boundary observed at Earth originates in the
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photosphere. This is accomplished by superposing several synoptic charts

about days on which a polarity change is detected at Farth.

Figure 7-9 shows the zonal averages of the magnetic fleld from 1976
through 1983. For each rotation, all the data at a given latitude is averaged.
The polar fields have not been corrected. The results for each rotation are
put into the columns of an array, each column corresponding to a rotation.
No averaging over solar rotations has been performed. A contour map is
drawn from these data showing the latitudinal distribution of the field as it
changes through the solar cycle. Rotations having missing data have been
filled in using the same method developed for the potential field model. the
average of the data from the preceeding and following rotations at the same
longitude is used to replace the missing values. Since at the photosphere the

monepole component is insignificant it has been ignored.

Near minimum there is very little flux on the surface. The dominant
structure is the positive north pole and the negative south pole. The neutral
line lies near the equator. Nowhere does the net flux at a given latitude get
very large. In mid 1977 regions of flux opposite in sign to the dominant
polarity in that hemisphere appear in both the north and the south. It is
Interesting that following polarity is seen before leading polarity in each
hemisphere and that it appears so early in the cycle. These mid latitude
bands are maintained until 1980 or 1981, by which time they have expanded
and become the new polar field. Through 1980 the equatorward boundary of
these bands remains roughly constant. This is contrary to expectation if the
feature were simply due to the diffusion of following polarity regions toward

the poles.

The fields at lower latitudes attain their largest values near sunspot

maximum in 1979 and 1980. During 1980 the mid latitude feature reached

Figure 7-8: Zonal averages of the photospheric field. The field at all longitudes for
each rotation has been averaged showing the net flux at each latitude vs. time. The
new polar flelds emerge a mid latitudes in 1977 in each hemisphere and gradually
move toward the poles. The equatorward boundary of these regions remain the same
for several years. Interesting episodes of rapid flux migration toward the scuth pole
occur in 1981 and 1982.
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the north pole. The southern feature reached the south pole in 1981 It
should be emphasized that because of the large aperture at the Stanford
Observatory, measurements taken near the poles are not as accurate as
those taken with higher resolution. Two interesting events occur in the
southern hemisphere in 1981 and 1982. In 1981 a negative polarity region
migrates rapidly toward the south pole, apparently reaching it in 1982. This
is followed about 8 months later by a positive region which reaches the south
pole late in 1982. A smaller but similar event can be seen in the northern
hemisphere beginning late in 1980. The strong negative surge toward the
south pole may be related toc the strong negative feature extending far into
the southern hemisphere observed near 1B0° on the source surface plots in
Figure 5-10. Because there is no longitudinal information it is difficult to

relate these structures directly to the source surface features.

Except for these episodes of field migration toward the poles, the years
alter maximum show little exciting behaviour. The activity bands seem to
meet at the equator and gradually fade away. During 1983 the polar fields
are strengthening and the zero contour separating the new polar fields from

lower latitude opposite polarity approaches the equator.

It is interesting to note that the field during most of this period 1s
divided into four bands, unlike a dipole field. This quadrupole nature of the
field has been predicted by numerical dynamo models. (Yoshimura, 1976b)
The new solar polar field appears long before it actually becomes the polar
field. This new feature contributes to the large latitudinal extent of the
current sheet observed through much of the cycle; the poleward migration of
the feature can be followed on the source surface charts in Figure 5-9 in the

maximum latitudinal extent of the current sheet.

Because the photospheric flelds are so much more complex than the

Figure 7-10: A -,+ sector boundary which recurred with a period of about 28 days be-
ginning August 20, 1978 for the following 14 rotations was used to determine key
times about which to superpose photospheric synoptic charts. The average field
shows organization at only a few latitudes. A strong organization in the mid-latitude
southern hemisphere fleld can be observed with the correct polarity change suggest-
ing that the IMF sector was influenced by the southern hemisphere field.
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source surface fields and because the photospheric fields, at least at small
scales, do not last as long as the coronal structures, identification of coronal
structures in the photosphere is difficult. One way around these problems is
to look at the photospheric structures averaged over a longer period of time
Of interest to the Earth are those structures which contribute to the IMNF sec-
tor structure. Presented here is a superposition of synoptic charts of the
photospheric field corresponding to a sector boundary observed at Earth for
15 months with a recurrence period of just over 28 days. This is the negative
to positive boundary first observed at Earth on August 20, 1978 and each
28.07 days thereafter for 14 more rotations. The southern hemisphere struc-
ture near 180° degrees in Figure 7-10 corresponds to a change in polarity
from negative to positive. This is just where such a boundary would be
expected to occur given the recurrence period. This is the only feature
which shows a great deal of organization using this recurrence frequency.
There is a predominance of positive structure to the left of the boundary in
each hemisphere. This is the correct polarity to contribute to the positive
sector being entered at each boundary We have examined several IVF boun-
daries with recurrence periods of 27 days to 28.5 days using this technique.
In each case there is some organization of the photospheric field, though not
always as clear as in this case. Generally the flelds at the latitudes having a
differential rotation rate close to that of the sector show the most organiza-
tion. Comparison to the source surface fields in Figure 5-9 do not show any
clear relationship to the surface fields shown above. With the exception of
coronal holes, the relationship of photospheric, coronal, and interplanetary

fields is very difficult to sort out.
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Chapter 8 -- Conclusions

The original goal of this study, to learn about the evolution of the three
dimensional structure of the large scale solar and heliospheric magnetic
flelds as they evolve through the solar cycle, has been accomplished.
Specifically, the intent was to learn about the latitudinal extent of the
current sheet, the importance of the dipole field, the morphology of the field
when the polar field reverses, and the relation of the coronal structures to
those seen in the photosphere and observed in the neighborhood of the
Earth. In this chapter the methods used and the results obtained will be
summarized and several new questions which have arisen during the course

of this analysis requiring further work will be described.

Summary of Methods

The photospheric field has been observed almost every day at Stanford,

providing a record of the magnetic structures visible on the sun's surface

- spanning a substantial portion of the sunspot cycle. The large aperture, high

resolution, low noise spectrograph provides ideal data for studying the large
scale structure of the solar field. The quality of the data during the interval
1976 - 1983 is uniformly excellent with the exception of occasional gaps due
to weather and equipment. Because the large scale field evolves slowly, data
gaps can be eliminated by interpolation of the data from the preceeding and

following rotations.

The polarity structure of the solar wind is simple, having four or two sec-
tors each solar rotation. The photospheric field is much more complex. To
explain the simplification of the magnetic structure, the potential field model
has been developed to relate the photospheric, coronal, and interplanetary
structures. The assumption of a potential field leads to the simplifictation of
the flelds with height above the photosphere. Currents must actually flow in

the corona, but fortunately their flow does not greatly alter the configuration
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of the magnetic field. To match the observed coronal structure and for ease

of computation the fleld is constrained to become radial at a certain altitude.
This assumption can be justified because coronal structures above a few
solar radii are observed to be radial and because the energy density of the
transverse magnetic fleld dominates the plasma out to approximately the
same height. Between this surface and the photosphere the magnetic field is

described by a potential.

The assumptions described above may be relaxed, but have been found
to contribute little to the accuracy of the large scale features while greatly
increasing the complexity of the computation. To answer the questions
posed in the present analysis, the large scale configuration of the fleld is of
greatest interest, so the simplest model has been used. To eliminate the
insensitivity of the model to rapid changes in the fleld and the preblem of
computing a global field model from data collected during a month long
interval two steps have been taken: 1) the model has been calculated many
times each rotation to minimize the effect of the data window; and 2) the

zero ofIset, or monopole, field has been removed from the data.

To determine the accuracy of the model and to set the height of the
source surface, the predicted IMF polarity and the measured IMF polarity at
Earth were compared. Locating the source surface near 2.5 K, produced the
best agreement. Comparison with coronameter and high latitude spacecraft
data indicated that the computed current sheet extended too far from the
equator when the photospheric observations were not corrected for the
strong, sharply peaked polar fields. With these parameters and corrections
the model predicts the correct IMF polarity at Earth about 80% of the time
and agrees quite well with determinations of the current sheet from

coronameter data. Comparisons made with data from spacecraft orbiting

the sun show similar levels of agreement.




Summary of Results

Since the observations confirm the predictions of the model to such a
high degree, the structures computed can be viewed with a fairly high level
of confidence. The importance of the three dimensional nature of the
current sheet has been established beyond doubt. Through most of the solar
cycle observed in this study the current sheet extended at least 50° from the
equator. Generally the large scale structure included four sectors at the

latitude of the Earth.

Near minimum the current sheet was nearly equatorial with two warps
north and two warps south of the equator, predicting the observed four sec-
tor structure at Earth. In 1976 the sheet extended less than 15° north of the
equator and occasicnally a little farther south. This pattern lasted for at
least two years. The observed changes related mostly to the increasing con-
tribution of the sectoral quadrupole to the field configuration. The shape of
the structure stayed the same, but the latitudinal extent of the warps
increased throughout 1977 and 1978. During this entire period the structure
observed in the IMF at Earth changed very litte, exhibiting four sectors per

solar rotation.

Near maximum the structures became more complex, though strong
field regions could still be observed for periods longer than a year. The
configuration of the current sheet seemed somewhat less stable, apparently
being more subject to the rapid evolution of the weaker field regions. The
strong regions seemed just as stable during this interval as near minimum.
The actual reversal of the polar fields took place between CR 1688 and CR
1692, judging from the source surface fields. In the years around maximum,
isolated polarity regions bounded by a second current sheet were not uncom-
mon. The polarity pattern in the ecliptic remained rather simple even dur-
ing this period, showing two or four sectors per rotation as it did near
minimum. By mid 1980 the new polar fields were firmly established, at least

in the interplanetary medium as represented by the source surface flelds

During 1980 and 1981 the structure strongly resembled the structure
observed in 1978, only having the opposite polarity and extending to slightly
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higher latitudes. During !882 a very stable, strong pattern developed con:

sisting of just two sectors at nearly every latitude less than 60°, reminiscent
of the structure in 1974. This interval corresponds to the strong equatorial
dipole described in Chapter 7. From the end of 1982 through 1983 a stable
four sector pattern develops, again like that of 1978. 1f the present cycle {ol-
lows the pattern of the last cycle, a structure reminiscent of the Skylab era
should form in the next year or so, having large polar coronal holes extend-

ing down to the equator. It will be interesting to see if this occurs.

During all phases of the cycle the large, strong magnetic field regions on
the source surface persist for as long as two years. With some imagination,
some regions can be followed for even longer periods. Even the smallest
regions, those contained in isolated, separate current sheets, are visible tor
several rotations before, during, and after the formation of the separate
sheet. These sheets behave just like the normal, primary current sheet when
they interact with the Earth.

The "tilted dipofe" description describes the heliospheric field only dur-
ing certain times during the solar cycle. During most of the cycle the higher
order multipoles distort the structure substantially from a dipole-like
configuration. Even near minimum when the field is most like a polar dipole,
the structure in the equatorial region where the Earth orbits depends on the
smaller quadrupole field. For most of the period near maximum the current
sheet is highly warped and extends to high latitudes. Therefore one must be

caretul in using the tilted dipole terminology.

A “rotating dipole” has been used to describe the change in heliospheric
field configuration as it passes from minimum to maximum to minimum. If
the other multipole contributions to the structure are ignored, there is some
merit to this description, although the equatorial dipole seems to be largely
independant of the polar dipole. In this context it can be seen that there is
no real dipole rotating from north to south during the cycle, though the
dipole component of the field can be very roughly described in that way
However, the other multipoles can not be ignored during the years preceed-

ing and following maximum, o the "rotating dipole” description does not

really work. Examination of the source surface fields during that interval




shows this clearly.

The morphology of the polar field reversal was shown in Chapter 7. The
actual reversal of the field takes place over a rather short interval, though
the field evolves toward the reversal gradually. The reversal has been shown
to be a smooth progression of the location of the strong field regions on the
source surface. The transition in the photosphere is not quite so clear. Flux
of the new solar polarity emerges at mid latitudes near the beginning of the
cycle and moves gradually toward the poles. In the photosphere the change

is a relatively smooth one.

The solar wind parameters other than the polarity are harder to predict
from the model, largely because of dynamic effects in the solar wind. A prob-
lem still exists with the magnitude of the field being too small by a factor of
about five. The solar wind velocity can be related to the magnetic field
strength at the source surface. Near minimurm this is roughly equivalent to
the distance from the current sheet and the predictions of both methods
show a good correlation with the observed velocity. Near maximum the test
is much more difficult because of the effects of activity related events
Nevertheless, if activity related intervals are excluded. a fairly good relation
is shown between [B| and solar wind speed, better than would be found from
the distance to the current sheet. The most significant relationship connects
the minimum solar wind speed with the minimum magnetic field strength

(i.e. the current sheet).

A coronal hole at a given latitude lies in the region of strongest field
strength at that latitude. The polarity of the hole and the open fleld regions
always agree. From the source surface data the locations where coronal

holes can not occur can be found with great accuracy.

The relationship of cosmic ray flux to the field configuration cannot be
explained at this time. There seems to be an inverse relationship between
the extent in latitude of the current sheet and the cosmic ray flux during the
last solar cycle and the first half of the present eycle. After the reversal of
the polar fields the relationship deteriorates. Perhaps a longer time period

is needed over which to study the problem.




The structures in the corona do not fully participate in the differential
rotation observed for the photospheric flelds and plasma. This has been
observed for the large scale photospheric fields and for coronal holes as well.
The lifetimes of the structures suggest that something organizes the emer-
gence of new flux at the photosphere such that the large scale features are

reinforced over alarge range in latitude.

This may be related to the results of the study of the individual rmul-
tipole components comprising the heliospheric field. The equatorial dipole
had power at frequencies corresponding to 27.0 day and 28.2 day rotation
periods. Perhaps there is some large scale organization of the field rotating
at these periods which tends to lock the coronal flelds and the emerging pho-
tospheric flux into the observed patterns. The evolution of the dipole fleld
revealed that the equatorial and polar components were evolve indepen-
dantly, not as if a relatively constant magnitude dipole were rotating during

the cycle.

A close relationship exists between the photospheric sources of coronal
holes and the source surface fields overlying them, but other sources of the
coronal structures are difficult to find. Tracing field lines requires higher
resolution data and computations. Looking at the latitudinal distribution of
field over the last B years shows that the polar flux 2merges first at mid lati-
tudes early in the cycle. These regions grow toward the poles and envelop
them near maximum. No obviou. direct relation exists between these
regions seen in longitudinal averages of the field and structures on the
source surface. Looking at synoptic charts superposed abcut the times of
sector boundary passages observed at Earth reveals organization in the pho-
tospheric fleld. The differential rotation rate at the latitude of the organized
field corresponds to the observed recurrence rate in the IMF for the limited
number of samples checked. No obvious structure at the source surface
corresponded to the photospheric feature, even though the sector boun-

daries were predicted by the model. With the exception of coronal holes,

identification of coronal and photospheric structures is difficult.




Suggestions for Further Study

At least two areas for further study present themselves. One area

involves continuation of the basic analysis techniques presented in this inves-
tigation. Because the solar cycle has not yet been completed, interesting
questions still remain about the structure of the heliospheric fleld during the
latter part of the declining phase. Similarities and differences between solar

cycles will also be interesting to observe.

Further refinements of the modelling technique have already been com-
pleted by others, but comparison of the results of the model with other
methods of determining the coronal structure would be fruitful Specifically, I
a study of the latitudinal extent of the sheet observed with coronagraphs

near maximum would give helpful information for determining the accuracy

of the polar field correction during that period. Another area for further

comparison currently available is the measurement of solar wind velocity at

higher latitudes using interplanetary scintillation techniques.

The real answer of what happens over the higher latitude regions will
come when a spacecraft goes to observe. An important limitation to our
understanding of the heliospheric field will be eliminated when a spacecraft
either confirms or refutes our ideas regarding the polar regions. The poten-
tial field model should be able to predict the IMF structure observed by such

ecliptic has helped to clarily the differences between the predictions of the

|
|
!
a spacecraft. Even the use of multiple spacecraft measurments near the }
potential fleld model and the coronameter. ,]

Extensions of the current methods could profitably try to improve the
prediction of other solar wind quantities. Development of a model which
could use the computed field quantities at the source surface and model the |
propagation of the solar wind out to the Earth might provide valuable infor-
mation for predicting terrestrial effects. Conceivably the solar wind velocity,
field strength and density could be modelled in addition to just the field
polarity.

The other area for further study involves using the data presented here

to learn more about the sun employing different analysis techniques. The
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relationship of differential rotation in the photosphere and more rigid rota-
tion for the large scale and coronal fields must be of fundamental impor-
tance for understanding the origin of the field. The large scale fields seem to
reflect more organization than the surface fields alone exhibit. The relative
strengths of the multipole components during different parts of the cycle
should be predictable by dynamo models which try to explain the solar mag-
netic eycle. The relationship of these fields to the internal structure of the

sun should be fertile ground for further investigation.




Appendix -- Model Implementation

This Appendix presents the amply commented text of the potential field
model program and a short description of how it works and is meant to com-
plement the discussion in Chapter 3. The original program was wrilten in
Algol by Leif Svalgaard who should be credited with the fast algorithms and
tricky ways of calculating the spherical harmonics. It has since been

modified extensively and translated to the C programming language.

To compute the source surface each 10 Carrington degrees from May
1976 through December 1983 requires 36 computations per rotation on each
of over 100 rotations, or about 3600 potential field calculations. Using the
following program this takes approximately 650 minutes of VAX 11/780 cpu
time and would typically finish overnight on an unloaded system. It is
interesting to note that for this project the model was computed over nearly
the entire interval at eight different source surface radii. At each source
surface radius the computation was made with each of four values of the
polar magnetic field. Each run generated 0.B megabytes of data to analyze

and plot for the just the radial field values.

The mathematics of the problem has been described in Chapter 3 and
the description here will simply outline the computer program in terms of
that discussion. For a single calculation the steps in the main program are
1) to read the data, in readrot; 2) to determine the coeflicients of the Legen-
dre polynomials, in get_Igh, 3) to generate the fleld components at the radius
of interest, in get_br; and 4) to save the data, in saveBr The additional step
of merging the data is inserted when several calculations are made for each

rotation in putbr_inc.

The data is read in the standard dataset format developed for our com-
puter system and the results are stored in the same form The specified
line-of-sight component of the polar field is added to the data in readrot. In
the gef_igh routine, for each value of the index, m, the corresponding
coeflicients, or g's and h's, are found by first determining the a and &
coeflicients from the line-of-sight measured magnetic fleld data in get_ab.
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Then the K matrix described in Chapter 3 is determined in gef_K and solved
for the g's and h's in solve. The harmonic expansion is truncated at order 9
because higher orders contribute nothing significant to the fields at the

source surface.

From the harmonic coeflicients the field values anywhere between the

photosphere and the source surface can be calculated using

i~1
B, = —_—=2P”'(cos13) (9im COST § + hypm SiRT ) (’”){_J [—1 i

and
1+l
aPm cosd
Bd:— =Z [—] tc (9im cosmy + hyy, sinm p) ( )
tm R‘
and

N S l s . . _
By = rsind 8¢ [‘—] +Ci[ "P*(cos V) (gimsinmep —hypcosmp).

This is done in get_br for the radial flelds at the source surface or in get_b for
all three components at other radii. The g and h coeflicients are printed out
and may be stored in a standard dataset at a later time. For a single calcula-
tion the field values are simply stored directly in a dataset by saveBr. When
the flelds are calculated at intervals of 10°, the central 30° of each computa-
tion are retained and a weighted average is stored on the dataset as
described in Chapter 3. The averaging and storage is accomplished in the

putbr_inc procedure.

A word is in order to describe the form of the Associated Legendre func-

tions used in this program. The Neumann form of the functions is:
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2L (l-m)! 2(2t-1)

Pt.m('-’)=——@£')l——sinmﬂ[cos‘”'"0 (t=m)({i-m —1) cos! ™23

(l —m)(-m-1){{~m —2)}({~m -3)

~ t-m 4 —_
2-4-(20—1) (20 -3) cos Y

which have widely varying mean values depending on m. We use a different

COS

normalization, P™ (ﬂ){sm}m‘p which have the same order of magnitude for

the various degrees, m, and can be compared directly (see the discussion in
Chapman and Bartels, 1940). The mean square value of these functions over

the sphere is They are related to the above Neumann form by:

A
P,'"w)={qm g—:;%H Pim ()

where ¢, =2 for m >0 and 1 for m=0. If we introduce the matrix W which is

1
(2t+1)°

calculated in the procedure get_W:

W,,._{ g [(20-1)12 ¥
Fole-m) (tem)! ]

and U} ™ defined by the recursion relation:

tm_q. ppmeo lmLm"'l‘H)(’v —2-l+m) ;
ug™=1. U; U! i(2l—i+1) Jori> 0.

Then our associated Legendre Polynomials can be expressed as follows:
i-m
PP9) = WMsin™s Y, Uf™cost™ly
$=0,2,4....

which is computed by get_pp using W and the function p. Note that when the
derivatives of the Legendre polynomials are required for determining the
three dimensional field below the source surtace they can be determined in

terms of the previously calculated functions using the recursion relation:

sm(d) ﬁl—{l [(l+1)2—m ] o~ (L+1) (12-mA)¥pm,

which are computed in get_pd.

The text of the program follows.
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#define aat 10 /*order of expansion + 1 */

#define aii 31 /* NS dimension of Data Grid + 1 */
#define  All 32 /* Number of Saved Jtems /Longitude Strip ./
#define ajj 773 /* EW dimension of data grid + 1 ./
f#define AJJ 74 /* EW dimension of data grid + 2 */

#include <stp.h>

/* Parameters
=30 ; 1 = zones of cos(theta)
ji=7e ; JJ = strips in longitude
order=9 ; principal order of expansion
in=synoptic ;. source of bls-data (synoptic charts)
out=ssdata . where to put the output dataset.
Jrot=1642 ; first rotation
lrot=rot ; last rotation number. If not specified only the
; rotation specified above will be processed.
addpolar=0 ; Fraction of Standard Polar Field to Add
moanopole=1 . tf O the monopole component is included in
; the computation of the field.
rs=2.5 . source surface radius (in solar radii).
clong.355 ; start longitude
inc=10 ; increment for multiple source surface calculations

*/

float wlaat][aat),g[aat)[aat],haat][aat), cth]aii).sth[aii);
float bls[ajj][aii],br[ajj)aii],bt[ajj][aii].bp[ajj])[aii].da[ajj][aii]:
float pp[aat]{aat][aii],pd[aat]{aat]aii];

float r,rs;

int t.ii.jj.mp.firstlong;

fioat p{). dot_product();
double pavb();

main()

dataset *dsin,*ds;
dataset *get_ds();

int inc;
int i,j,rot lrot;
TIME ct;

/* Initialize parameters */
mp= is_param(“monopole”) ?0.0: 1.0; /7* dfit: no mp, mp=first n value*/
ii= parameter("ii",30.0); /* 30 points North-South ./
jj= parameter("jj",72.0); /* 72 points East-West ./
t = parameter("order"”,9.0); /* Use Legendre Poly. Orders 0-9*%/
rs= parameter(''rs",2.5); /% Source Surface Radius */
r = parameter(''r",rs); /* Radius to Compute the Field */
initialize(); /* Init arrays & find harmonics */

_—————— e e




if((inc=parameter("inc",0.0)) != 0.0) /* Incremental Procedure ./

1
rot=parameter{"frot",1642.0); /* Determine time bounds ./
lrot=parameter(“Irot”,(double)rot);
firstlong =parameter{"clong",355.0);

- dsin=dsopen("in=<"."r"); /* Open datasels ./
ds = get_ds(0);
for{ct=360*rot-firstlong; ct<=360*rot-firstlong; ct+=inc)
{ /* At Each Incremental Time ... .. */
int xrot,xlong,;
for(j=0;j<ajj:j++) /* Zero dota array ¥
for(i=0;i<aii;i++)
bis[j]{i] = 0.0:
readrot{dsin,ct,bls); /* Read in Dato */
getlgh(bls rs.g.h), /* Solve forg's & h's ./
get_br(r,rs.g.h.br); /* Determine Radial field ./
putbr_inc(ds.ct,br,inc); /* Average & save data */
xlong=360 - (long)ct % 360; xrot = (ct+xlong)/360;
fprintf(stderr,"Rot %4d:%3d0,xrot,xlong);
printit(g); printit(h); /* Print out coefficients ./
dsclose(dsin);
dsclose(ds);
‘ |
?.
else /* Single Calculation ./ ;
t ;
rot = parameter(“frot” 1642.0), /* Set the Carrington time ./ |
firstlong = parameter{'clong",355.0);
ct = 380 * rot - firstlong;
dsin=dsopen{"in=<","r"); /* Open datasets ./
' readrot(dsin,ct,bls); /* Read data ./ )
: getlgh(bls,rs,g,h); /* Solve forg's & h's \
tprintf(stderr,”0ot: %4d SSRadius: %4.2!0.rot.rs);
printit(g); printit(h); /* Print out coefficients ./
1
if{r==rs) /* If field at source surface... */
get_br(r,rs,g.h.br), /* Get radial field af rs *y i
ds = get_ds(0): /* Get a Dataset ./ )
for(i=0;i<ajji++) /* and save on dataset. \
saveBr(ds.ct+i*5.&(br{i}{0]));

else /% Otherwise find all components */

g
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/* Get all components

t
get b(r,rs.g.h,br,bt,bp);

ds = getds(".r"); /* Get a dataset...
for(i=0;i<ajjii++) /* ...save br on dataset.
saveBr(ds,ct+i*5,&(br[i]0]));
ds = get_ds(".t"), /* Get a dataset...
for{i=0;i<ajj;i++) /* .. .save bt on dataset.
saveBr(ds,ct+i*5,&(bt[i}[0])):
ds = get ds(".p"); /* Get a dataset. ..
for(i=0:i<ajji++) /* ...save bp on dataset.
saveBr(ds,ct+i*5,&(bpli][0])):
J
J
!
. END OF MAIN
initialize() /* Called from main — sets up w,cth sth,pp. & pd

register int i,j;
for(j=0:j<ajjj++) /* Fill data arrays with zero
for(i=0;i<aii;i++)

bis[j]{i} = da[j]{i] = 0.0;
for(i=0;i<aat;i++) /* Fill coef. + weight array with zero
for(j=0;j<aat;j++)

gli]li] = h(i){j] = w(i][i] = MISSING;

get wiw); /* Used in Caluculating Plm's
get_theta(cth,sth); /* Gets sines and cosines for grid points
getpp(pp): /* Finds values of Poly. at grid points
if(parameter(“pd"”,1.0) >= 0.0)

getpd(pd). /* Get Devivatives of Poly. if necessary
get_w(w) /* Called from initialize to set up w(](]
float w[]{aat]; /* used in calculating legendre polynomials

fint n,m k,p.qr,s; double u;
tor(n =0, n <=t; n++)
for(m = 0; m <= n; m++)
fr=2*n-1,p=n+m;q=n-m; s =0
u=m==071:2,
for(k = 2*n;k>=1; k--)
fu=u*r; r =r-s; s = 2-s;
if(p>1) {u=u’/p; p--i}
else if(qg>1) fu=u/q g~}

w(n]{m] = sqrt(u);

J

J

get_theta{cth,sth) /* Called by initialize to find sin,cos for each i
float cth{],sth];

*/
*/
*/

*/
*/

*/
*/

*/

*/

*/

*/

./
*/
*/
*/

*/
¢/

./
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ffloat th; int i;

for(i = 1, i<=ii; i++)
fth = 1.57079633-asin((double){(ii+1.0-i-i)/(double)ii)})
cth[i]) = cos(th); sth[i] = sin(th);

!

get_pp(pp) /* Calculates legendre polynomials for n.m at i v/
float pp{)[aat]{aiil; /* Called by initiglize ./
fint n,m,i;

for(n = 0; n<=t; n++)

for(m = 0; m<=n; m++)

tor(i = 1; i<=ii; i++)
pp[n](m]{i] = p(n.m.i);

float p(n.m,th) /* Called from get_pp — evaluates Pn,m at th ./

int n,m,th;

fint i.nm; float s,u,c,c2;

¢ = cth{th]; c2 =c*c;nm =n-m;s=u =1;

for(i = 2. i<=nm; i+=R2)
fu=u*(i-nm-2)*(double)(nm-i+1)/(double)(n+n-i+1)/{double)i; s = s*c2+u;}

if{fnm %2 ==1)s = s*;

return(s*w[n)[mJ}*pow({double)sth[th],(double)m)):

get_pd{(pd) /* Colled by initialize if pd is set — needed if ./
float pd[}[aat]]aii]; /*if T )= 7s to find derivatives of Leg. poly. ./
fint n,m,i;

for(n = 0; n<=t; n++)
tor(m = 0; m<=n; m++)
for(t = 1; i<=ii; i++)

pd[n]{m]li] = m==0 ? -sqrt(n*(n+1),2.0)*(n==m ? 0.0 : pp[n}[1][i])
:0.5%(sqrt((m>1? 1.0 : 2.0)*(n+m)*(n-m+1))*pp[n){m-1][i} -
: (n==m ? 0.0 : sqrt({double)((n+m+1)*(n-m))*pp[n][m+1]{i]))):
printit(a) /* Called from main — printsgsand h's ./

float a[][aat];
fif{ parameter("print",1.0)>=0.0)
fint i,n; fprintt(stderr,” ")
for(i = 0; i<=t; i++) fprintf(stderr,"%5d ".i);
tprinti(stderr,"0);
for(n = 0; n<=t; n++)
ftprintf(stderr,"%2d4",n),
for(i = 0; i<=t; i++)
if(a[n])[i] '= MISSING) fprintf(stderr,"%7.3f ".a[n][i]);
fprintf(stderr,”0),

fprintf(stderr,”0);
1]
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get_b(r.rs.g.h,br,bt,bp) /* Called from main find magnetic fields, ./
float r,rs; /*fromg's & h's br bp. bt if ri=rs ./
float g[){aat],h[]{aat).br{}{aii],bt{]{aii].bp{][aii]:
{int n.m.i,] foat c ,kr.ka,gh,gp.gg.hh kgh;
float cmphilajj), smphilajj], plaii}, d[aii), s[aii];
for(i=0;i<aii;i++)
for(j=0:j<ajj;j++)
br(j]{i] = bt(j]{i] = bp(j]{i] = 0.0;
for(n = mp: n<=t; n++)
fe = -1.0/pow({double)rs,{double)(n+2)) * pow{(double)(r/rs),(double){n-1))
kr = (n+1)/pow((double)r,(double)(n+2)) - n*c;
ka = 1.0/pow((double)r,(double){n+2)) + ¢
for(m = 0; m<=n; m++)
{gg = g[n](m]; hh = h[n][m];
if(gg '= 0] hh!=0)
{get_mphi(m,cmphi,smphi);
for(i = 1; i<=ii; i++)
tpli] = pp(n](m](i}; d[i] = pd[n](m][i]: s[i] = p[1]/sth(i]:{
for(j = 1; j<=jji j++)
teh = gg*cmphi(j] + bh*smphilj];
gp = (gg*smphilj] - hh*cmphi[j])*m;
kgh = kr*gh; gh = ka*gh; gp = ka*gp:
for(i = 1; i<=ii; i++)
fbr(j][i] += p[i}*kgh:
bt[i)[i] -=d[i]*gh;
;bP[J][i] += s[i]*gp:

b8 ! J
get.br(r,rs,g.h,br) /* Callad by main to get br ./
float r,rs; float g[][aat].h[][aat],br{]{aii]; /*fromg's & h'sifr=Rs v/

lint n,m,i,j; float gg.hh,c kr,gh;
float emphi(ajj], smphilajj], plaii];
for(i=0;i<aii;i++)
for(j=0;j<ajj;j++)
br[j](i} = 0.0,
for(n = mp; n<=t; n++)
{c = -1.0/pow({double)rs,(double)(n+2))*pow((double)(r/rs).(double)(n-1));
kr = (n+1) /pow({double)r,(double)(n+2)) - n°c;
for(m = 0; m<=n; m++)
teg = g[n][m]: hh = h[n][m];
it((gg != 0) || (hh !=0))
jget_mphi(m,cmphi,smphi);
for(i = 1; i<=ii; i++) pli] = pp{n]{m](il;
for(j = 1. i<=jj; j++)
tgh = (gg*cmphi[j] + hh*smphi[j})*kr:
for(i = 1; i<=ii; i++)
I ‘br[j][i] += p(i]*gh;

getlgh(bls,rs,g,h) /* Called from main to get g's & h's ./
float bls[][aii].g[][aat],h[][aat]; flocat rs;
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fint m; get.blssth{bls);
for{m = O;m<=t;, m++)
fint n; float alaat] blaat], k[aat]{aat];
get_ab(bls,m,a.b); get K(k,m.rs); solve(k.m.a.b):
for(n = m; n<=t; n++)
tg[n)im] = a[n]. h{n}{m] = bn]}}

get_blssth(bls) /* Called by get_Igh to get bls(7.1) *sin(i)
float bis{]{aii];
fregister j.i;
for(j = 1. j<=jj j++)
for{1 = 1, i<=ii; i++)
bls{j}{i] = bis[j}(i]*sth];

get_ab{bb ,m.a,b) /* Called from get_lgh - finds a's and b’’s,
float bb{]{aii).a[]1.b(]: int m; /* the harmonic coefficients for the photo-
fint i,j,n; float sa,sb,si; /* spheric fields, for a given m.

float x[aii], clajjl.siajil;
get.mphi(m,c.s);
for(n = m; n<=t; n++)
{sa = sb = 0,
for(i = 1; i<=ii; ++i)
x[1]=pp[n][m][i].
for(j = 1;j<=jji ++))
$si = dot_product{sx,bb,j);
sa = sa+cj]*si;
sb = sb+s[j]*si;

——

sa*{2.0*n+1.0)/(double)(ii*}j);

n) *(2.
sb*(2.0*n+1.0)/(double)(ii*}j);

[
(n]

e

J

float dot_product(x,bb,j) /* Takes the dot product of z and bb'j]
float x{].bb{]{aii]; int j; /* Called from get_ab

ffloat si=0.0; register i;

for(i=1: i<=ii; i++) si += x[i]*bb[j][i];

return(si);

J

get X{k.m,rs) /* Called from get_Igh to setup k matrix
float k{]J{aat]: int m; float rs; /* needed to relate a's &b'stog's&h's
§int i.n; float m2;
me = m*m,
for{fn =m; n <=1t; ++n)

ffor(i=m;i<=t; i++)

k[i][n} =0

k{n}'n]=({n+1.0)*(n+2.0)~m2)/(2.0*n+3.0)~({n-1.0)*n+m?2)/{2.0*n-1.0) /

pow((double)rs,{double)(2*n~1)):
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for(n = m+2; n <=t; n++)

k[n][n-2] = -sqrt((double)((n-1.0)*(n-1.0)-m2)*(doudble)(n*n-m2))/(2.0*n-1.0);
tor(n = t-2; n >= m; --n)

k[n){n+2) = -sqrt{({double)((n+1.0)*(n+1.0)-m2)*((n+2.0)*(n+2.0)-m2))/
(2.0*n+3.0)/pow((double)rs,(double)(2*n+5));
]

solve(k,m.a,b) /* Cailed from get_Igh Given K matriz, solves %/
float k[][aat).a[},b[]; int m; /* for g’s and h's for a given m value given  */
/*theasand b’s. ./

float div,ratio; int i.j. h;
for(i = m;i <=t; i++)
t div = k[i){i};
for(j=m:j<=t; j++) k[i](j] = k[i]{j]/div:
ali] = a[i]/div;
b{i] = b[i]/div;
for(j=m; j<=t; j++)
if(i 1= j)
fratio = k{j]{i]:
it(ratio != 0)
ftor(h = m; h <= t; h++) k[j][h] -= ratio*k[i][h]:
a[j] -= ratio*a(i]; b[j] -= ratio*b[i];
b

get_ mphi(m,cmphi,smphi) /* Called by get_ab,b,br to get sin,cos(m phi) */
int m; float emphi[],smphif];
{float s.mphi; int j;
s = 2+3.14159265°m /jj;
for(j = 1; j<=jji j++)
{mphi = (jj-j+0.5)*s:
cmphi[j] = cos(mphi); smphi[j] = sin{mphi);

readrot(dsin,ct,bls) /* Called in main to fill bls with synoptic ./
dataset *dsin; TIME ct; /* chart data. Doesn 't initialize bls. ./
float bls[][aii): /* Adds polar field correction. ./

{TIME ctime=ct;
double v,tmp,tmgq,plr; double pf[aii];
double cut=parameter(“cut",0.0);

int i jmet,;
double addpolar=parameter(”addpolar”,0.0); /* Determines the polar */
plr = addpolar * 640 * pavb{ct)/92.0; /* field to include */

if(addpolar = 0.0)
for(i=1; i<aii, i++)
pf[i] = plr * pow{(double)cth[i].B.0) * ((i+i)<aii?1:-1) * sth[i)

dsseek(dsin,ctime); /* Reuods data; fills in for Missing
for(j = 1, j<ajj; j++) /* with ave. of previous & nezt rotation
{dsgrp(dsin);
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mct=0,
for(i = 1; i<ali; i++)
{v = dget(dsin,0,i-1,0);

if(fabs(v) > 4000.0) /® Unreasonably high field rejected®/

{dsseek(dsin,ctime-360.0); dsgrp(dsin); tmp=dget(dsin,0,i-1,0);
dsseek(dsin,ctime+360.0); dsgrp(dsin); tmq=dget(dsin,0,i-1,0);
if(fabs(tmp) > 4000.0) tmp=MISSING;
if(fabs(tmg) > 4000.0) tmq=MISSING:;
v = tmp==MISSING ? tmq : tmp;
v = ttnq==MISSING ? tmp : (v+tmgq)/2.0;
if(v==MISSING)
fprintf(stderr,"MISSING VALUE"):
dsseek{dsin,ctime);
dsgrp(dsin);
mct++;

!
it(cut != 0.0)

v=v>cut ? cut : v< -cut ? -cut : v;
bis{j]{i] += v
!

if(addpolar != 0.0) for(i=1liicaii;i++)  bls[j]li] += pt[i)];
bls{j][0] = mct>10 ? -mct : 0.0;
ctime +=5;
!
]

double pavb{ctim) /* Calculates the Average Polar B-field. Called from
TIME ctim; /* readrot to determine time dependant polar magnetic
] /® field strength ratio
TIME stant,BC1,BCZ2;
int i,n;
BC! =ymdtime(1978,6,10,0,0,0); /* Returns 92 before June 10, 1978
BC2 =ymdtime(1980,12,16,0,0,0); /* Returns 53 aftar Dec. 16, 1980
carrtime{&ctim, &i, &n); /* Interpolates between these dates
stant = curtime._time;
if (stant<BC1) return (92.0);
else if (stant<BC2) return (92.0-145.0*(stant-BC1)/(BC2-BC1));
else return (-53.0);

}

putbr_ine(ds,ct,br.inc)
dataset *ds;
int inc; float br{][aii]; double ct;

/* Culled from main if increment is set : stores computed source
surface data through ct+ 180+inc /2 on ds. Brings ds up to date
through that point. [f possible, averages 3 computotions of each
position to form a smooth mapping. ./

fint i, j, det, hine, dine;
float *zs, zbuf[All], mbuf[All], t1, t2, t3, t4, center;
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static int no=1;
. static TIME timelast=0.0,
double timeO0;

j=0;
for(i=0;i<All;i++) mbuf{i]=zbuf{i]=MISSING;
det = 360.0/jj;
center=ct+180; dinc=inc/dct; hinc=inc/2;
ti=center-inc-hinc-dct,;
t2=center-hinc;
t3=center+hinc;
t4=center+inc+hinc;
time0 = timelast '= 0.0 ? timelast + dct : ds->ds_last>t2 ? t2 : ds->ds last;
while(time0 < t1)
{if(timeQ == ct+dct*(j-1))
fzs=zbuf+1;
for(i = 1; i<=ii; i++) *zs++ = br[j]{i):
if(bls[j])[0]<0.0) *zs++ = blsj}[0];
else *zs = ct;
saveBr(ds,.time0,zbuf); timelast = time0;
j++; time0 += dct;

}

else if{time0 > ct+det*(j-1))
jr+

else if(timeD < ct+dct*(j-1))
time0 += dct;

J
while(time0 >= t1 &4& timeD < t2)

{if(time0 == ct+det*(j-1))
{zs=zbuf+1;
for(i = 1; i<=ii; i++) *zs++ = (br[j]}[i]+da[j+dinc]{i])/no;
if(bls[j][0]<0.0) *zs++ = bls[j}[0];

else *zs = ct-inc;

saveBr(ds,time0,zbul); timelast = timeD;
j++; time0 += det;
{

else j++;

{
while(time0 >= t2 && time0 < t3)
ftor(i = 1; i<=ii; i++) da[j]{i] = 2*br[j]{i] + da[j+dinc][i];
timeO += dct; j++;
|
no += 2;
while(time0 >= t3 && time0 < t4)
ffor(i = 1;i<=li; i++) da[j]{i] = br{j]{i];
time0 += dct; j++;

|
if(no >= 4) no = 4;

saveBr(ds,ct,br) /* Called from putbr_inc or main to save of Br strip. ./
1 dataset *ds; TIME ct; float *br;




t
int i;
dsseek(ds,ct),;
dsgrp(ds): ,
for(i=0;i<AlLi++)
dput(ds,0.i,0.(double)(*(br+i+1)));

dataset *get_ds{a) /* Returns to main an opened dataset suitable for ./
char *a; /* storing B maps as specified by out={]a . Makes 7
/* new dataset if necessary. */

char name[32];
dataset *dsx,*ds;
strcat(name,nameparam(“out=","ssdata"));
if((int)a '= 0) strcat(name.s);
if(access(name,0)==0)
return(dsopen{name,”c+"));
else

ds = dsdup( dsx = dsopen(”/data/source /ss2.50ds"”,"r"}));
tprintf(stderr,”"making dataset0);

dsadditem(ds,dsx->ds item[0]);

dsadditem(ds,dsx->ds item[1]);

dsset(ds,"DATASET=ss;FIRST=590560; LAST=-MISSING;SEL=0;X=30");
ds->ds_first = 360*parameter("trot”,1641.0) - parameter("long",360.0);
head(ds->ds_txtfp,”sph “,0);

dsnew{ds,name,"w+");

return(ds);
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